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PREFACE 


OBJECTION  is  sometimes  raised  to  the  methods  of  practical  mathematics, 
on  the  ground  that  mathematics  is  not  an  experimental  science.  This 
is  true ;  but  mathematics  is  built  up  from  a  system  of  conventions 
which  are  not  arbitrary,  but  chosen  with  reference  to  experience. 
Thus  it  is  both  logically  and  educationally  necessary  that  the  beginner 
in  any  branch  of  mathematics  should  have  the  corresponding  part  of 
his  experience  clearly  realized  and  defined. 

This  has  been  recognized  in  the  now  generally  accepted  view  that 
the  study  of  geometry  should  begin  with  a  course  of  experimental 
measurement.  It  is  the  object  of  the  treatment  followed  in  this  book 
to  extend  the  same  method  to  some  other  branches  of  mathematics 
with  special  reference  to  the  needs  of  the  technical  student. 

In  the  chapters  on  trigonometry,  for  instance,  while  results  are 
nowhere  given  without  proof,  the  deductive  treatment  is,  as  far  as 
possible,  accompanied  at  every  step  by  graphic  or  arithmetical  verifica- 
tion, to  enable  the  student  to  realise  clearly  his  own  experience  of 
space,  and  to  see  that  he  is  not  dealing  with  an  arbitrary  system  of 
symbols  alone.  Every  one  has  in  his  own  mind  the  fundamental  notion 
of  a  rate  of  increase  from  which  the  differential  calculus  took  its  rise, 
and  this  should  be  clearly  defined  before  proceeding  to  the  analytical 
process  of  differentiation.  Accordingly  the  subject  has  been  arranged 
so  that,  after  a  course  in  plotting  to  fix  the  notion  of  the  function 
of  a  variable  clearly  in  the  student's  mind,  he  is  introduced  to 
the  methods  of  differentiation  by  a  chapter  on  rates  of  increase 
treated  by  arithmetical  and  graphic  methods.  It  is  only  after  such 
a  course  that  most  students  are  ripe  for  the  analytical  methods  of 
differentiation.  It  too  often  happens  that  a  student  who  begins  with 
these  acquires  merely  a  fatal  facility  in  differentiation,  regarding  it 
as  a  mechanical  juggling  with  symbols,  but  having  no  conception 
of  its  relation  to  experience.  This  intuitional  direct  vision  method 
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is  intended,  not  to  take  the  place  of,  but  to  prepare  the  way  for  a 
more  rigorous  analytical  study  of  the  subject 

In  the  same  way,  the  study  of  definite  integration  is  preceded  by 
a  chapter  in  which  various  practical  problems  on  integration  are  treated 
entirely  by  graphic  and  intuitional  methods,  so  as  to  stimulate  the 
interest  of  the  student,  and  to  lead  him  to  feel  the  necessity  for 
analytical  methods  of  integration. 

The  logical  order  of  a  mathematical  subject  may  not  be  the 
same  as  the  best  educational  order,  or  as  the  order  of  its  historical 
development. 

The  most  natural  method  of  advance  is  by  a  series  of  successive 
approximations  to  logical  rigour,  and,  in  fact,  this  is  the  way  in  which 
the  subject  has  actually  grown  up.  It  is  scarcely  twenty  years  since 
some  of  the  most  fundamental  positions  of  the  calculus,  such  as  the 
criterion  for  the  existence  of  a  definite  integral,  were  completely 
established,  yet  no  one  would  maintain  that  the  great  body  of  analysis 
which  existed  before  that  time  was  valueless,  because  its  foundations 
were  not  yet  truly  laid.  The  process  by  which  the  science  itself  was 
formed  is  also  the  most  natural  for  the  mind  of  the  student 

The  fundamental  laws  of  vector  algebra  are  each  given  in  connection 
with  some  application  to  mechanics  or  geometry. 

The  chapters  on  solid  co-ordinate  geometry  deal  with  some  parts 
of  the  subject  which  bear  on  the  student's  study  of  practical  solid 
geometry. 

A  large  number  of  the  more  technical  examples  presuppose  some 
knowledge  of  mechanics  or  electricity.  It  is  not  intended  that  any 
one  student  should  work  through  them  all,  but  that  each  student  should 
select  those  examples  which  interest  him  most. 

F.    M.   SAXELBY. 
May,  1905. 


PREFACE   TO   THE   FIFTH    EDITION 

IN  this  Edition  a  number  of  sections  have  been  re-written,  and 
new  sections  on  Hyperbolic  Functions  (§  i2ib),  the  Resolution  of 
Compound  Periodic  Oscillations  into  their  Simple  Components  (§  1393), 
and  the  Tabulation  of  Definite  Integrals  (§  i33a),  as  well  as  many 
examples,  have  been  added. 

The  treatment  of  Indefinite  Integrals  in  Chapter  XXVIII.  and 
of  Differential  Equations  in  Chapter  XXIX.  has  been  amplified,  so 
as  to  make  the  book  suitable  for  a  first  course  in  the  Calculus.  The 
course  of  mathematical  development  during  the  last  few  years  makes 
it  still  more  evident  that  some  direct  intuitional  method  is  most 
appropriate  for  the  beginner  in  the  Calculus.  The  demands  which 
a  rigorous  treatment  make  upon  the  student's  knowledge  are  be- 
coming more  exacting.  For  example,  it  is  found  that  a  knowledge 
of  the  Theory  of  Sets  of  Points  is  necessary  to  a  rigorous  treatment 
of  integration,  and  this  is  quite  out  of  reach  of  the  beginner,  even  if 
he  intends  to  specialise  in  the  study  of  mathematics.  Much  more  is 
it  out  of  the  question  for  the  student  whose  chief  interest  is  in 
applied  science.  While  the  value  and  importance  of  rigorous  treat- 
ment are  becoming  more  evident,  it  is  at  the  same  time  becoming 
more  evident  that  such  treatment  must  be  postponed  to  an  advanced 
stage  in  the  student's  course,  and  is  indeed  only  possible  to  the 
mathematical  specialist. 

F.   M.  SAXELBY 

August,  1911 
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SUGGESTED   COURSE   OF    READING 

THIS  course  is  adapted  to  the  syllabus  of  the  Board  of  Education, 
For  the  Lower  Examination  students  should  read  through  the  follow- 
ing course : — 

Logarithms  and   introduction    to   trigonometry,  including   solution   of 
right-angled  triangles  :  Chapters  I.,  II.,  III.,  §§  22,  23,  28,  29,  30. 

Use  of  formulae  and  equations  :  Chapters  V.,  VI. 
Use  of  squared  paper :  Chapters  VII.,  VIII.,  IX. 

Rates  of  increase  and  differentiation :  Chapters  X.,  XI.,  §§  99-106, 
XIV.,  XV. 

Graphic  methods  of  integration  :  Chapter  XVII. 
Addition  of  vectors  :  Chapter  XX. 

Solid  geometry  of  points  and  straight  lines:  Chapters  XXII.,  XXIII., 
§§  191-192. 

Determination  of  volumes  and  centres  of  gravity  by  graphic  methods  : 
Chapters  XXIV.  §§  197-199,  201,  XXV.,  omitting  examples  CVII., 
CX. 

For  the  Higher  Examination  students  will  require  the  whole  of  the 
book. 


PRACTICAL   MATHEMATICS 


CHAPTER   I 
LOGARITHMS 

1.  As  numerical  computation  plays  an  important  part  in  the  methods  used 
in  this  book,  the  student  should  have  a  thorough  working  knowledge  of  the 
use  of  four-figure  logarithms,  and,  if  he  has  not  such  a  knowledge,  should 
work  carefully  through  this  chapter. 

It  is  assumed  that  the  student  is  familiar  with  the  proofs  of  the  following 
laws  of  indices,  where  m  and  n  are  positive  whole  numbers  :  — 

X™  X  x"  =  xm  +  n  ;  e.g.  x3  X  x1  =  .r6 
xm  -5-  x"  =  xm  ~  "  ;  e.g.  Xs  -5-  x2  =  x 
(xm}n  =  xmn  ;      e.g.        (jr3)2  =  x* 

2.  Fractional  and  Negative  Indices.  —  The  student  already  knows  that 
x^^xxxxx;  x7  =  xxx'X.xxxxxxx'X.x;  and,  in  general,  when 
«  is  a  positive  whole  number  xn  =  x'Xx'X.x'X.x.  .  .  tp»  factors. 

The  question  now  arises  :  What  meaning  is  to  be  given  to  expressions 

such  as  x  ,  x  ,  x~  2,  etc.,  and,  in  general,  to  x"  when  »  is  negative  or  a 
fraction  ? 

xn  cannot  have  the  same  meaning  when  n  is  a  fraction  as  it  has  when  n 
is  a  positive  whole  number,  but  we  choose  a  meaning  such  that  -r",  when  n  is 
a  fraction,  shall  satisfy  the  same  laws  of  indices  as  are  already  known  to  hold 
good  for  the  case  when  n  is  a  positive  whole  number. 

The  product  of  two  integral  powers  of  x  is  obtained  by  adding  the  indices, 


and  if  »     obeys    the    same    rule    we   must   have    x    x  x    —  x         =  x. 

Therefore  A    is  a  quantity  which  gives  x  as  the  product  when  multiplied  by 
itself,  i.e. — 

£-J-x 

X      —    y  X 

Similarly  x    x  x    x  x    =  x 

4 

and  i?  =  Ijx- 

i 
In  general  x9  =  IJx 

so  also  (x'}3  =  x *  x  x'2  x  x    =  x* 

3  - 

i.e.   x"1  is  the  cube  of  the  square  root  of  -r,  and,  in  general,  x*  is  the  /"" 
power  of  the  gth  root  of  x, 

Q 
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if  negative  powers  obey  the  same  index  law  of  multiplication  as  positive 
powers,  we  must  have 


x  **  =  jr*  +    =  x 
_„       x        I 


and  in  general  x~*  =  — 


i.e.  a  negative  power   is   equal   to  the    reciprocal   of  the   corresponding 
positive  power. 

Note  in  particular  that 


whatever  the  value  of  x  •  i.e.  the  zero  power  of  any  quantity  is  equal  to 
unity. 

EXAMPLES.  —  I. 

1.  Write  down  the  values  of  4*,  9%  16*,  27*   144%  961  ,  729". 

3          A 

2.  Write  down  the  values  of  41'6,  I622",  81*,  27*,  loo3'6. 

3.  Write  down  the  values  of  2~4,  3-2,  5-2,  27"^,  I25~s,  4913   ». 

4.  Find  the  values  of  io~  *,  10  2,  Ioo,  iO?,  lo1,  10    ,  lo2. 

8.  Logarithms.  —  Definition  :  liy  =  a*,  then  x  is  called  the  logarithm  of 
y  to  the  base  a.  This  is  denoted  by  the  abbreviation  loga  y-  In  words,  the 
logarithm  of  a  number  to  any  base  is  the  index  of  the  power  of  the  base 
which  is  equal  to  that  number. 

The  statements^  =  a'  and  x  —  logay  are  two  different  ways  of  expressing 
the  same  fact  ;  e.g.  we  know  that  100  =  lo3  ;  this  fact  may  also  be  expressed 
by  saying  that  2  is  the  logarithm  of  100  to  the  base  10. 

In  the  same  way,  we  know  that 

8  —  23  ;  i.e.  3  =  Iog2  8 

2  =  4^5  t.e.  \  =  Iog4  2 

I  _i  .       . 

o'i  =  -  j  =  ico     z  ;  i.e.  -  \  =  Iog100  o'i 

i  oo  2 
and  so  on. 

EXAMPLES.  —  II. 

Write  down  the  values  of  the  following  quantities  :  — 

1.  log,  2.  2.  log,  3.  3.  logI2,3.  4.  Ioglssi2. 

5.  Iog100  10,000,000.     6.  log,  -fa.  7.  log,0o*i.  8.  log,0  i. 

9-  log    3-162.  10.  log,,  31-62.          11.  loglo  0-3162. 

4.  The  three  laws  of  indices  given  in  §  i  may  be  expressed  in  logarithmic 
form. 

I.  The  logarithm  of  the  product  of  two  numbers  is  the  sum  of 
their  logarithms. 


Logarithms 

If  a  and  b  be  the  two  numbers,  and 

log*  a  =  m,  log,  b  —  n 
then  a  =  xm,  and  £  =  x* 
and  .*.  <z£  = 


i.e.  by  the  definition  of  a  logarithm 

logz  ab  =  m  +  n  =  log*  a  +  logz  b 

Thus,  if  we  have  a  table  of  logarithms  to  any  base,  we  can  substitute 
addition  for  multiplication. 

EXAMPLE.  —  We  know  from  tables  that   Iog10  2*53  =  o'4O3i,  and   Iog10  3*64  = 
0-5611 

.*.  Iog10  2-53  X  3-64  =  0-4031  +  0-5611  =  0-9642 

and  from  the  tables  we  find  that  this  is  the  logarithm  of  9-208  to  base  10 
.*.  the  product  2*53  X  3-64  =  9-208 

II.  The  logarithm  of  the  quotient  of  two  numbers  is  the  difference 
of  their  logarithms. 

With  the  same  notation  as  before,  we  have 

•=*:=.«— 

b      xn 
i.e.  log*  -  =  m  —  n  =  log*  a  —  log,  b 

Thus  we  can  substitute  subtraction  for  division. 

EXAMPLE.  —  To  find  —  -,  we  have 
' 


=  0-5611  —  0-4031 
=  0-1580 

We  find  from  the  tables  that  0-1580  is  the  logarithm  of  1*439  to  base  10 

•••fi--«» 

III.  The  logarithm   of  the   nth  power  of  a  number  is  equal  to 
n  times  the  logarithm  of  the  number. 

Let  m  —  log*  a,  then  a  —  x™ 
and  a"  =  (x"')n  =  x™" 
i.e.  logx  (an)  =  mn  =  n  x  log*  a 

This  law  enables  us  to  perform  many  arithmetical  operations  which  could 
not  easily  be  performed  by  direct  arithmetical  methods. 

EXAMPLE. — To  find  the  value  of  (2- S3)1'3. 

We  know  that  logio  2-53  =  0-4031 

then  logio  (2-53)1"3  =  1-3  X  logio  (2-53) 

=  1-3  x  0-4031  =0-5240 

From  the  tables  we  find  that  0*5240  is  the  logarithm  of  3'342  to  base  10.      We 
conclude  that  (2'53)1'3  =  3-342. 
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5.  Use  of  Tables. — Tables  of  logarithms  to  base  10  are  given  at  the 
end  of  the  book.  Some  explanation  is  necessary  as  to  the  arrangement  and 
use  of  these  tables. 

The  integral  part  of  the  logarithm  of  a  number  to  base  10  may  be  found 
by  considering  the  two  integral  powers  of  10  between  which  the  number  lies  ; ' 
thus,  343*2  lies  between  io2  and  io3,  and  therefore  its  logarithm  lies  between 
2  and  3  ;  0*00342  lies  between  o'oi  and  o'ooi,  i.e.  between  io~3  and  io~3 ; 
and  therefore  its  logarithm  lies  between  —  2  and  —  3. 

The  decimal  part  of  the  logarithm  of  a  number  is  given  in  the  tables. 

Thus,  to  find  log  343*2,  we  find  the  first  two  figures,  34,  on  the  left-hand 
side  of  the  tables  ;  the  next  figure,  3,  is  found  at  the  top.  In  the  horizontal 
line  opposite  to  34,  and  in  the  column  under  3,  we  find  5353.  This  is  the 
decimal  part  of  log  343.  To  account  for  the  next  figure,  2,  we  notice  that  in 
the  table  of  differences,  at  the  right-hand  side  of  the  tables,  the  difference 
for  2  in  the  horizontal  line  opposite  to  34  is  given  as  3. 

This  must  be  added  to  the  value  5353  already  found  to  correspond  to  343. 
Thus  we  find  that  the  decimal  part  of  log™  343*2  is  0-5356.  We  have  seen 
above  that  Iog10  343*2  lies  between  2  and  3,  and  therefore  log  343*2  =  2-5356. 

It  will  be  noticed  that  the  arrangement  is  somewhat  different  in  the  part 
of  the  tables  corresponding  to  numbers  whose  first  significant  figure  is  i. 

The  logarithms  here  increase  so  rapidly  with  the  numbers  that  two  sets 
of  differences  are  required  for  the  interval  between  two  numbers  whose 
second  significant  figures  differ  by  i. 

Thus  to  find  log  126*3,  we  know  as  before  that  the  integral  part  is  2.  To 
find  the  decimal  part,  we  get  as  before  the  value  1004  corresponding  to  126. 

The  difference  for  3  must  now  be  sought  in  the  horizontal  line  opposite 
to  the  value  '1004  already  found ;  this  difference  is  io,  and  therefore  the 
decimal  part  of  the  logarithm  is  0*1014,  and  log  126-3  =  2-1014. 

To  find  the  decimal  part  of  log  125*3  on  the  other  hand,  we  should  look 
for  the  difference  for  3  in  the  upper  line  opposite  to  0969,  which  corresponds 
to  the  first  3  significant  figures,  125,  of  the  number  whose  logarithm  is  to  be 
found.  This  difference  is  11,  and  thus  we  get  log  125-3  =  2*0980. 

Since  10°  =  i,  Iog10  i  =  o,  and  therefore  the  logarithm  of  any  number 
less  than  i  is  negative.  This  is  true  for  logarithms  to  any  base  whatever. 

It  is  found  convenient  to  keep  the  decimal  part  of  all  the  logarithms 
positive,  and  to  restrict  the  negative  sign  to_the  integral  part.  Thus,  if  the 
logarithm  of  a  number  is  —  0*3,  we  write  it  17,  i.e.  —  i  +  0*7  ;  if  a  logarithm 
is  -  37,  we  write  it  4*3,  i.e.  -  4  +  0-3. 

This  device  enables  us  to  use  the  same  tables  for  all  numbers,  whether 
greater  or  less  than  i.  For  any  number  less  than  I  may  be  obtained  from 
a  number  greater  than  I  having  the  same  digits  by  dividing  by  io  an  exact 
number  of  times. 

This  is  equivalent  to  subtracting  a  whole  number  from  the  logarithm 
without  altering  the  positive  decimal  part  of  the  logarithm. 

Thus  0-03432  is  obtained  from  343*2  by  dividing  by  10*. 

.*.  log  0-03432  =  log  343-2  -  log  io4 
=  2-5356  -4 

=  2-5356 

Note  that  the  decimal  part  of  the  logarithm  is  unaltered.  Thus  the 
logarithm  of  0-03432  could  be  found  directly  from  the  tables  by  first  finding 
as  before  the  decimal  part  of  the  logarithm  of  3432,  and  prefixing  the  integer 
2,  because  0^03432  lies  between  lo"1  and  io~2. 

EXAMPLE. —  To  find  log  0-01594  from  the  tables. 

In  the  horizontal  line  opposite  to  15,  and  in  the  column  under  9,  we  find  2014. 

The  difference  for  the  next  figure  4  in  the  horizontal  line  opposite  to  2014  is  n. 
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Adding  this  to  2014,  we  get  2025  as  the  decimal  part  of  log  O'OI594.  Since  the 
number  lies  between  o'l  and  o-oi,  its  logarithm  lies  between  I  and  2. 

.*.  log  0'OI594  =  2'2025 

6.  Antilogarithms. — When   the  logarithm  of  a  number  is  given  and 
we  wish  to  find  the  number,  we  may  of  course  use  the  table  of  logarithms, 
but  it  is  more  expeditious  to  make  use  of  a  separate  table  of  antilogarithms. 
This  table  gives  the  number  corresponding  to  any  given  logarithm  to  base 
10.     The  arrangement  is  similar  to  that  of  the  table  of  logarithms. 

EXAMPLE. — The  logarithm  of  a  certain  number  is  found  to  bt  2*0361 :  to  find  the 
number. 

We  find,  by  using  the  table  of  antilogarithms  in  the  same  way  as  we  used  the 
table  of  logarithms,  that  the  antilogarithm  of  0-0361  is  1086.  These  are  the  signifi- 
cant figures  of  the  result,  but  v»  e  do  not  yet  know  the  position  of  the  decimal  point. 
This  is  found  by  considering  the  integral  part  of  the  logarithm.  Since  the  logarithm 
is  made  up  of  2  and  a  positive  decimal,  it  lies  between  I  and  2,  and  therefore  the 
number  lies  between  o'l  and  O'oi,  i.e.  the  number  is  o-oio86. 

7.  Napierian    Logarithms. — Logarithms    to    base   10  are    used    for 
numerical  calculations,  but  the  student  will  also  meet  with  logarithms  to 
base  e,  where  e  is  a  quantity  defined  by  means  of  the  series 


1X2    IX2X3IX2X3X4 

It  can  be  shown  that,  however  many  terms  of  this  series  are  taken,  the 
sum  is  never  greater  than  a  definite  limiting  value  e  =  2-718  .  .  .,  and  that 
the  sum  may  be  made  as  nearly  equal  to  e  as  we  please  by  taking  a  suffi- 
cient number  of  terms  of  the  series.  The  quantity  e  is  accordingly  defined 
as  the  limit  of  the  sum  of  the  series. 

T  * 

I   +   I   +— —  + 


1X2         1X2X3         1X2X3X4 

as  the  number  of  terms  is  indefinitely  increased.  The  quantity  e  will  be 
more  fully  treated  in  Chapter  XXIX.,  when  the  student  is  in  a  better 
position  to  understand  the  theory  of  the  subject. 

Such  logarithms  are  variously  called  natural,  Napierian,  or  hyperbolic 
logarithms.  The  reason  for  the  occurrence  of  this  base  will  appear  to  the 
student  at  a  later  stage  in  his  work. 

The  logarithm  of  a  number  to  base  e  is  obtained  from  its  logarithm  to 
base  10  by  multiplying  by  2*3026. 

To  verify  this  from  the  tables,  let  p  be  the  logarithm  of  a  number  n  to  base 
10.  Then,  by  the  definition  of  a  logarithm,  «  =  iop. 

We  find  from  the  tables  that 

Iog10  e  =  log,0  2718  =  0-4343 

.-.  e  = 


and  10  = 
.*.  substituting  n  = 

/.<?.  log,  n  =  2*3026^  =  2-3026  log,0  n 

EXAMPLES.—  III. 

Find  from  the  tables  the  values  of  the  following  logarithms  to  base  IO:— 

1.  Log  200,  log  20,  log  2,  log  o'oooa. 

2.  Log    7837,     log  783-7,     log  78-37,     log  7-837,     log  0-7837,     log  0-07837, 
log  0-007837. 
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3.  Log  2*156  X  10",  log  2-156  X  lo~4,  log  2-156  X  io~7. 

4.  Log  3-142,  log  0-2965,  log  46-72,  log  7-864,  log  11-32,  log  1172,  log  0-01568, 
log  0*002374. 

6.  Find  the  numbers  which  have  the  following  logarithms  to  base  10  :  — 

3-1562,  2-3010,  1-4771.  0-5631,  "1*2759,  "3-3648,  27649. 
6.  Find  the  values  of  the  following  logarithms  :  — 

Log.  2-31,  log.  3-57,  log.  4-62,  log.  8-86. 

8.  The  methods  of  working  with  logarithms  and  of  arranging  the  work 
will  be  understood  from  the  following  examples  :  — 

EXAMPLE  (i).  —  Evaluate  1*362  x  23*54  x  13*05. 
log  1*362  =  0-1342 
log  23-54=  1-3718 
log  13-05  =  1-1155 

adding,  log  1*362  X  23-54  X  13-05  =  2*6215  =  log  4I8'3 
.*.  the  required  product  =  418*3 


log  3i'35  =  L'4962  log  2*534  =  0*4038 

log  0*003621  =  3*5588  log  76*52  =  1*8838 

adding,  log  31*35  X  0-003621  =  1*0550  log  2*534  X  76*52  =  2-2876 

2-2876 

subtracting,  log  x  =  4*7674  =  log  0*0005853 

•  .   S^SS  X  0-003621 
.    q_22  -  ^  -  =  0*0005853 

z'534  x  76-52 
EXAMPLE  (3).  —  Evaluate  (o*o326)11J. 

log  0*0326  =      2*5132 


1*2  x  o*5i32_=     0-6158 

1-2X2=   —2'4 


log  (o-o326)1<a  =     2*2158  =  log  0*01644 
.".  (0*0326)-  '2  =     0*01644 

In  the  above  we  have  to  multiply  a  number  which  is  partly  positive  and  partly 
negative  by  a  positive  number.  We  multiply  the  two  parts  separately,  and  add  the 
results  with  their  proper  signs. 

EXAMPLE  (4).—  Evaluate  (o-o3i4)-a<1. 

Consider  a  negative  power  as  the  reciprocal  of  the  corresponding  positive  power. 

(0*0314)-"=^.^, 

log  (0*0314)  =  2-4969 
2*1 


-4*2 


log  (0-0314)2-1  =  4-8435 
log  i  =  o-o 

log  (0-03 1 4)-"  =  3*1565  =  log  1434 


The  value  of  log 
(0-03  1  4)2'1  from  log  I. 


EXAMPLE  (5).— Evaluate  \ 


Logarithms  7 

-*1  in  the   last  line  is  obtained   by  subtracting  log 


' 


log 


-5  =  (132'S 

'      =  2*1222 


=  1  log  132-5  =  0-7074  =  log  5-098 

-S  =  S-098 


EXAMPLE  (6).  —  Evaluate  ^0*01325. 

log  0*01325  =  2-1222 

log    VoX>I325  =  J(2'I222) 


=  1-3741  =  log  0-2367 
/.   «/°'OI325  =  0-2367 

Here  we  have  to  divide  2  by  +  3.  As  we  wish  to  keep  the  decimal  part  of  the 
quotient  positive,  we  write  3  +  I  for  2,  so  that  the  negative  part  can  be  divided 
exactly  by  3. 

In  working  with  four-figure  logarithms  it  is  found  that  the  results  are 
more  likely  to  be  accurate,  especially  in  long  calculations,  if  all  logarithms 
are  set  down  in  vertical  columns,  as  in  the  above  examples. 


EXAMPLES. — IV. 

Evaluate  the  following  expressions  to  as  close  a  degree  of  accuracy  as  the  use  of 
four-figure  tables  will  permit : — 

3.  225-85  X  179. 


1.  0*035621  X  25780. 
4.  1362  X  0-0251. 

5346-257 
'  1386497 

10.  0-0352  x  125  x  0-000561. 
12  0-1639  x  52100  x  0-0253 


2.  0-013640  X  153-27. 


5. 


2'O06 


0-00345 

g     462-17  . 
'  1-12534 


11. 


<     * 
0-0065  x  136 

0-01324  x  0-005621 


15. 
19. 

23. 
27. 
30. 
33. 
36. 
39. 
42. 

45. 

0-00035  x 

1-0264 

18. 

V36I5. 

16.  2/36 

'IS- 

17.  Vo'036i5- 

^0-00651. 

V2i7- 

20.  ^2-17. 

21.  »/25I2. 

25.  2i»«. 
(0-035  1  )-»•«. 
(o-oi625)-26^. 

^31515 

(25-61  J-1*. 
(o-32655)-2-*i<>. 
(o-246i)k«1o12's4. 

\  X  (1-052)  ~  3- 

25-63  x  0-00036         K 

22.  V25I-2. 

26.  (0-059)11*. 
29.  (o-i754)-« 
32.  (0-0532)1'*. 

35.    12-08. 

38.  (I'sos)-2^". 

44.  (o-3489)''«i«. 
(i-036)-2'« 

£/25'I2.                  24.    ^/2'i 

(I-34)0"08. 
(0-I854)-"-003. 
(0-065  1  )-»•*. 

(0-036)  -002S. 

(log.  2'963)-2'w. 
(0-I043)-**. 
356200 

28. 
31. 
34. 
37. 
40. 
43. 

46. 
49. 

n    ^357 

x"',,' 

t/67  X  21 


(0-0125)'  X  log,0  29-3' 


53   55x^/0-062 ix  53^ 
'  0-0035  x  (20-06)-°'*' 


CHAPTER   II 

TRIGONOMETRY— MEASUREMENT   OF  ANGLES- 
TRIGONOMETRICAL  RATIOS  OF  ONE  ANGLE 

9.  Measurement  of  Angles. — Draw  two  straight  lines  OX  and  OY  at  right 
angles.  If  XO  and  YO  are  produced  to  X'  and  Y'  they  divide  the  plane  in 
which  they  lie  into  four  quadrants,  XOY,  YOX',  X'OY',  Y'OX. 

Suppose  the  straight  line  OP  starts  from  the  position  OX,  and  moves  so 

that  P  describes  a  circle  about  O 
as  centre  in  a  direction  opposite  to 
that  of  the  motion  of  the  hands  of 
a  clock,  then  the  line  OP  is  said 
to  generate  the  angle  XOP  as  it 
passes  round. 

The  angle  XOY  is  divided  into 
90  equal  parts,  called  degrees,  and 
for  any  position  of  P  the  angle  XOP 
is  measured  by  the  number  of  de- 
grees through  which  OP  has  turned. 
One  degree  is  divided  into  60 
minutes,  and  one  minute  into  60 
seconds. 

The  quadrants  are  numbered, 
the  ist,  2nd,  3rd,  and  4th,  after  the 
order  in  which  OP  passes  through 
them. 

FIG.  t.  When  OP  is  in  the  2nd  quadrant 

YOX'  it  makes  an  obtuse  angle  with 

OX  ;  when  OP  is  in  the  3rd  quadrant  X'OY'  the  angle  XOP  is  still 
measured  in  the  same  direction,  passing  through  OY. 

Similarly,  when  OP  is  in  the  4th  quadrant,  XOP  means  the  angle  between 
OX  and  OP  traced  out  in  a  counter-clockwise  direction  through  OY  and 
OX',  and  not  the  acute  angle  between  OX  and  OP. 

When  OP  comes  again  to  its  original  position  OX,  it  may  go  on  revolving 
round  O  in  the  same  direction,  so  that  it  may  generate  an  angle  as  large  as 
we  please:  e.g.  an  angle  of  750°  is  one  which  is  formed  when  the  line  OP 
starts  at  OX,  and  makes  two  complete  revolutions,  and  then  turns  through 
30°  in  addition. 

10.  Positive  and  Negative  Angles. — If  the  line  OP  revolves  in  a 
counter-clockwise  direction  as  in  the  last  §,  the  angle  which  it  generates  is 
said  to  be  positive.  If  OP  starts  from  the  position  OX,  and  revolves  through 
the  positions  OY',  OX',  OY,  in  the  same  direction  as  the  hands  of  a  clock,  it 
is  said  to  generate  a  negative  angle. 

A  negative  angle  may  contain  any  number  of  degrees  ;  e.g.  an  angle  of 
—  135°  is  formed  when  OP  revolves  through  the  4th  quadrant  XOY'  and 
halfway  through  the  3rd,  Y'OX',  in  a  clockwise  direction. 
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Similarly  -  1000°  =  —  n  x  90°  —  10°,  and  therefore  an  angle  of  —  1000° 
is  formed  when  OP  turns  through  n  right  angles  in  a  clockwise  direction, 
and  then  continues  to  revolve  through  10°  in  addition.  Thus  the  generating 
line  of  an  angle  of  —  1000°  is  in  the  ist  quadrant. 

11.  —  Circular  Measure  of  Angles.  —  Angles  may  also  be  measured  in 
circular  measure.    When  P  moves  a  distance 
XP  equal  to  the  radius  OX  along  the  circum- 
ference of  the  circle  XYX',  the  angle  XOP 
which  OP  generates  is  called  a  radian. 

It  can  be  proved  that  when  P  moves 
completely  round  the  circle  XYX'  to  its  first 
position  X,  the  whole  circumference  traced 
out  by  P  is  equal  to 

2*.  OX  =  2ir.XP 

where  *  is  equal  to  3*1416  .  .  . 

And  since  the  angle  XOP  is  proportional 
to  the  arc  XP, 

OP  generates  an  angle  which  =  2ir.  XOP 

=  2ir  radians 
.*.  360°  =  2*r  radians 

•360° 
and  I  radian  =  -  —  =  5  7  '295  8° 


We   shall   usually  find  it  sufficiently  accurate   to  take  i   radian  equa) 
to  57-3°. 

It  is  useful  to  remember  the  following  values  :  — 

2  right  angles  =  1  80°  =  •*•  radians  ; 
I  right  angle    =    90°  =  -  radians  ; 

2 

60°  =  -  radians  ;  30°  =  •?  radians  ;  45°  =  -  radians. 
3  °  4 

The  values  in  radians  of  angles  from  o°  to  90°  are  given  in  the  tables. 


EXAMPLE  (i).  —  To  express  125°  in  radians. 
We  have  57'3°  =  *  radian 


125 
— - 
57'3 


=  2'i8  radians 


Using  the  tables,  we  have 

125°  =  90°  +  35°  =  I  "5708  +  O'6iO9  =  2' 1817  radians 
Similarly,  to  convert  radians  to  degrees  multiply  by  S7'3,  or  use  the  tables. 

EXAMPLE  (2). — A  flywheel  of  2'$-ft.  radius  is  revolving  at  120  revolutions  per 
minute,  what  is  the  speed  of  a  point  on  its  rim .? 

Any  radius  of  the  wheel  turns  through  120  revolutions  per  minute  =  2  revolutions 
per  second  =  4*-  radians  per  second. 

By  the  definition  of  a  radian  we  know  that  when  the  radius  turns  through  one 
radian  its  extremity  moves  through  a  distance  equal  to  the  radius,  i.e.  through  2-5 
feet. 

Therefore,  in  one  second  a  point  on  the  rim  of  the  wheel  travels  through 
4»  X  2'5  =  31*42  feet  per  second,  and  the  speed  of  a  point  on  the  rim  is  31  42  feet 
per  second- 
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EXAMPLES. — V. 

1.  Draw  figures  to  show  the  following  angles,  and  express  them  in  radians : — 

152°,  205°,  -270°,  300°,  -840°,  1350°. 

2.  Draw  a  figure  to  show  angles  of  I,  2,  3,  4,  and  5  radians. 

3.  Make  a  protractor  to  measure  angles  less  than  two  right  angles  correct  to 
o'l  radian. 

4.  Draw  figures  to  show  angles  of  1*3  and  2'g  radians,  and  express  them  in 
degrees. 

5.  Find  the  length  of  the  arc  which  subtends  an  angle  of  41°  at  the  centre  of  a 
circle  of  il-ft.  radius. 

6.  A  flywheel  of  3-ft.  radius  is  revolving  at  260  revolutions  per  minute  :  what  is 
the  speed  of  a  point  on  the  rim  ? 

7.  The  earth  moves  round  the  sun  once  a  year  in  a  circle  (approximately)  of 
92'8  X  io8  miles  radius  :  find  its  velocity  in  miles  per  second. 

8.  The  earth  revolves  round  its  axis  once  in  24  hours  :  through  what  decimal  of 
a  radian  does  it  revolve  in  one  second  ?    Find  the  speed,  in  feet  per  second,  of  a  point 
on  the  equator.     Radius  of  earth  =  3963  miles. 

9.  The  armature  of  a  dynamo  is  I  foot  in  diameter,  and  is  revolving  at  noo 
revolutions  per  minute.    What  is  the  speed  of  a  point  on  the  outside  of  the  armature? 

10.  Through  what  angles  do  the  large  and  small  hands  of  a  clock  respectively 
turn  between  11.15  a.m.  and  2.30  p.m.  ;  and  between  3.44  a.m.  and  7.31  p.m.  ? 

11.  What  are  the  angles,  measured  in  a  positive  direction  from  the  minute  to  the 
hour-hand  of  a  clock,  at  the  following  times:  3.7,  6.10,  7.15,  9.25? 


12.  Co-ordinates  of  a  Point. — If  a  point  is  supposed  free  to  move  about 
on  a  surface,  we  require  to  know  two  quantities  before  we  can  determine  its 
position  ;  e.g.  to  fix  the  position  of  a  point  on  the  earth's  surface  we  specify 

its  latitude  and  longitude,  i.e.  its 
distances  measured  in  degrees 
from  the  equator  and  the  meridian 
of  Greenwich. 

In  the  same  way  the  position 
of  a  point  on  a  plane  is  fixed  when 
its  distances  from  two  straight 
lines  in  the  plane  are  known. 

From  any  position  of  the  point 
P  in  §  9  draw  PN  perpendicular  to 
the  axis  X'OX. 

Let  x  =  ON  measured  from  O  to  N 
and/  =  NP  measured  from  N  to  P 

Then  x  and  y,  taken  with  their 
proper  signs,  are  called  the  rec- 
tangular co-ordinates  of  the  point 
P,  y  is  called  the  ordinate  and  x 
the  abscissa  of  the  point  P. 

The  signs  are  chosen  as  fol- 
lows : — 

Fio.  3.  x  is  positive  when   measured 

from  left  to  right  in  the  direction 

X'OX,  and  negative  when  measured  from  right  to  left  in  the  direction  XOX'V 
y  is  positive  when  measured  upwards  in  the  direction  Y'OY,  and  negative 
when  measured  downwards  in  the  direction  YOY'. 
Thus,  when  P  is  in  the  first  quadrant, 

x  —  ON  and  is  positive,/  =  NP  and  is  positive 
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When  P  is  In  the  second  quadrant, 

x  is  negative,  y  is  positive 

When  P  is  in  the  third  quadrant, 

x  is  negative,/  is  negative 

When  P  is  in  the  fourth  quadrant, 

x  is  positive,  y  is  negative 

P  is  described  as  the  point  (x^  y) ;  e.g.  the  point  (2,  3)  is  the  point  whose 
abscissa  is  2  and  ordinate  3. 

Polar  Co-ordinates. — The  position  of  the  point  P  is  also  determined  if 
we  know  the  length  r  of  the  line  OP  and  the  angle  XOP  =  6,  which  it 
generates  in  passing  from  OX  to  its  position  OP.  These  are  called  the 
polar  co-ordinates  of  the  point  P. 

6  is  measured  positively  in  a  counter-clockwise  direction  from  OX  to  OP, 
and  r  is  measured  from  O  to  P  and  taken  positive  in  all  four  quadrants. 

P  is  described  as  the  point  (r,  6)  ;  e.g.  the  point  (2,  25°)  is  the  point  for 
which  r  —  2  and  6  =  25°. 


EXAMPLES.  —  VI. 

1.  Draw  a  figure  to  show  the  positions  of  the  points  whose  rectangular  co-ordinates 
are  given  as  follows  :  (2,3);  (5,  2);  (3,  l)  ;  (-3,  2);  (-5,  -3);  (-4,3);  (2,  -3)  ; 

(i'3.  -3'2);  (-4'3»  ~3'4). 

2.  Show  in  a  figure  the  positions  of  the  points  whose  polar  co-ordinates  are  given 
as  follows  :  (i,  15°)  ;  (2,  30°)  ;  (2,  64°)  ;  (2,  110°)  ;  (2,  220°)  j  (2,  300°)  ;  (2,  -60°)  ; 
(2,  -100°). 

3.  Find   by  measurement  from  your  figure   the  polar  co-ordinates  of  the  first 
6  points  in  Example  i. 

4.  Find  by  measurement  the  rectangular  co-ordinates   of  the   first  6  points  in 
Example  2. 


13.  Trigonometrical  Ratios  of  an  Acute  Angle.  —  Let  6  be  any  acute 
angle  NOP,  let  ON  =  x  and  NP  =  y  be  the  rectangular  co-ordinates  of  P, 
and  let  OP  =  r.  Then  the  trigonometrical  ratios  of  the  angle  0  are  defined 
as  follows  :  — 

NP      y 

sine  0,  written  sin  0  =  =-=  =  — 

n       .  ON      x 

cosine  9,  wntten  cos  0  =  -=-=  =  — 

NP     y 

tangent  6,  written  tan  0  =  ^TJ  =  - 

OP      r 

cosecant  0,  written  cosec  0  =  —  —  =  - 

NP      y 

OP      r 
secant  6,  written  sec  0  =  Q^  =  - 


X. 

FIG.  4. 


cotangent  0,  written  cot  0  = 


ON 


x 
- 


EXAMPLE  (i).  —  Find  by  a  graphic  method  the  sine,  cosine,  and  tangent  <2/"35°. 

This  is  most  conveniently  done  on  squared  paper.  The  student  should  draw  the 
figure  on  a  large  scale,  and  verify  the  measurements  for  himself. 

Take  two  axes,  OX  and  OY,  at  right  angles,  and  set  off  the  angle  XOP  =  35° 
by  means  of  a  protractor. 
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With  centre  O  and  radius  equal  to  unit  length  on  some  convenient  scale,  cut  off 
OP,  and  draw  PN  perpendicular  to  OX. 
Then  we  have 

sin35°  =  0-p  =  NP  =  o-574 

ON 

cos  35°  =  OP  =  ON  =  °'819 
NP     0-574 


Note  that  when,  as  in  this  example,  we  take  OP  as  the  unit  of  length,  the  sine 
and  cosine  of  0  are  equal  to  the  rectangular  co-ordinates  y  and  x  of  the  point  P. 

NOTE.  —  The  notation  sin-1  x  is  used  to  denote  an  angle  whose  sine  is  x,  e.g.  35°, 
or  o'6i  radian  is  a  value  of  sin"1  0*574.  Similarly,  cos-1  x  and  tan-1  x  denote  angles 
whose  cosine  and  tangent  are  equal  to  x. 

EXAMPLE  (2).  —  Find  the  acute  angle  whose  tangent  is  equal  to  O'S. 
Here  we  require  to  find  the  angle  0,  so  that  we  may  have 

NP 
ON=°8 

The  student  should  draw  the  figure  for  himself. 

Using  squared  paper,  set  off  on  the  axis  of  x  the  length  ON  equal  to  unity  cm 
some  convenient  scale.  On  the  ordinate  passing  through  N  set  off  NP  equal  to  o'8 
on  the  same  scale.  Join  OP.  Then  NOP  is  the  required  angle.  We  find  by 
measurement  that  the  angle  NOP  =  38'  7°. 


EXAMPLES. — VII. 

1.  Set  off  on  the  axis  of  x,  ONi  =  I,  ON2  =  2,  ON3  =  3.     Draw  any  straight 
line  OP  in  the  first  quadrant.     Erect  ordinates  N,P,,  N2P2,  N3P3,  meeting  OP  in 

|sj"p      N  P      N  P 
P,,    P2,  and  P,.     Find  by  measurement   the  values  of   gnr*     yrw-*!    TKKT.    and 

Ul"i         \jr  £        \Jr  j 
.1.  A1  N1PI      N*P*      N»P>  A 

compare  them.     Also  measure  awnp,  ^TTJ-,  r>M  »  an"  compare. 
U|N|     vJiNg     vJINj 

What   do  you  infer  from  this  experiment  with  respect  to  the  sine  and   tangent   of 
an  angle  ? 

2.  Find  by  construction  the  values  of  sin  25°,  cos  40°,  tan  65°,  sin  44°,  tan  45°, 
cos  75°. 

3.  Find  by  construction  the  values  of  the  following  acute  angles  in  degrees  : 
sin"1  o'39,  sin-1  o'Sg,  cos-1  o'6,  cos-1  o'85,  tan*1  O'4,  tan-1  o'7,  tan-1  l'73,  tan"1  5. 

14.  Trigonometrical  Ratios  of  an  Angle  greater  than  a  Right 
Angle. — When  the  angle  NOP  is  greater  than  a  right  angle,  its  trigono- 
metrical ratios  are  defined  in  the  same  way  as  in  §  13,  but  it  is  also 
necessary  to  take  account  of  their  signs. 

We  shall  consider  the  signs  of  the  trigonometrical  ratios  when  the 
generating  line,  OP,  of  the  angle  0  lies  in  each  of  the  four  quadrants  (Fig.  3). 

When  OP  is  in  the  first  quadrant,  x,y,  and  r  are  all  positive,  and  there- 
fore the  ratios  of  the  angle  XOP  are  all  positive. 

When  OP  is  in  the  second  quadrant,  we  have 

x  negative,^  positive,  and  r  positive 

In  what  follows,  ON,  NP,  and  OP  represent  the  numerical  values  of  the 
lengths  of  the  lines  indicated  without  taking  account  of  direction. 
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y       +NP 
-  -r  =  +QP 
x       -ON 


sin  fl  =  --  =  -j-Q-p  =  +  sin  POX 


=  -  cos  POX 


_y  _  +  NP 


tan  0  =  -  =       .-..,  =  -  tan  POX 

4T          —  ON 


When  OP  is  in  the  third  quadrant,  we  have 

x  negative,^  negative,  and  r  positive 


cos  0  =  X-  =  =^ 


tan  0  =  '    = 


-ON 


=  -  sin  X'OP 
=  -  cos  X'OP 
=  +  tan  X'OP 


When  OP  is  in  the  fourth  quadrant,  we  have 

x  positive,  ,y  negative,  and  r  positive 

sin  0  =  -  =  ~  „„  =  -  sin  POX 


tan  6  =  ?-  -  -^-^rr-, 
x       +  ON 


=  -  tan  POX 


We  have  here  expressed  the  ratios  of  the  angle  0  when  the  generating 
line  OP  is  in  any  quadrant  in  terms  of  the  ratios  of  an  acute  angle. 

EXAMPLE. — To  construct  an  angle  in  the  third  quadrant  whose  sine  is  —  fa,  and  to 
find  by  measurement  its  cosine  and  tangent. 

This  is  most  easily  done  on  squared  paper. 

Take  two  axis,  OX  and  OY,  at  right 
angles.  We  require  to  find  a  point  for  which 
y-  -5,  andr=  13. 

Take  a  point  M  on  the  axis  of  y,  such  that 
OM  =  -5,  and  draw  MP  parallel  to  XOX'. 
Then  all  points  for  which  y  =  —  5  lie  on  the 
straight  line  M  P. 

To  make  r  =  13,  with  centre  O  and  radius 
13,  describe  a  circle  cutting  MP  at  P  in  the 
third  quadrant.  Join  OP. 

Then  XOP  is  the  required  angle  in  the  FIG.  5< 

third  quadrant  whose  sine  is  —  ^6g. 

To  find  the  cosine   and   tangent   of  the  angle   XOP,  draw  PN    perpendiculai 
to  OX'. 

Then,  by  measurement,  the  value  of  x  for  the  point  P  =  ON  =  —  12 

and  /.  cosXOP  =  -=  -M 


\ 

/' 

\ 

N  -u;'"      6 

\         x 

-5 

"C^ 

^"13 

M 

tan  XOP  =      =  =JL 

X        -12 
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EXAMPLES. — VI 1 1. 

1.  Construct  an  angle  of  40°.    Find  by  measurement  its  sine,  cosine,  and  tangent. 

2.  Construct  an  angle  of  140°.    Find  by  measurement  its  sine,  cosine,  and  tangent. 

3.  Construct  an  angle  of  220°,  and  find  its  sine,  cosine,  and  tangent. 

4.  Construct  an  angle  of  310°,  and  find  its  sine,  cosine,  and  tangent. 

5.  Construct  an  acute  angle  whose  sine  is  3,  and  find  its  cosine  and  tangent. 

6.  Construct  an   angle  in  the  second   quadrant  whose   sine  is  £,  and  find  bj 
measurement  its  cosine  and  tangent. 

7.  Construct  an  angle  in  the  third  quadrant  whose  sine  is  —  |,  and  find  its  cosine 
and  tangent. 

8.  Construct  an  angle  in  the  fourth  quadrant  whose  sine  is  — |,  and  find  its  cosine 
and  tangent. 

15.  To  find  the  Sine,  Coaine,  and  Tangent  of  any  Angle  from  the 
Tables. — The  results  of  the  last  paragraph  give  us  the  method  of  finding 
the  trigonometrical  ratios  of  an  angle  of  any  size  from  tables  which  give 
the  values  of  these  ratios  for  angles  between  o°  and  90°. 

Draw  a  figure  showing  how  the  angle 

y  is  generated,  and  thus  find  in  what  quad- 

rant the  generating  line  OP  lies  ;  then 
look  up  in  the  tables  the  numerical  values 
of  the  sine,  cosine,  and  tangent  for  the 
acute  angle  which  OP  makes  with  X'OX, 
and  before  these  place  the  proper  signs 
N:'  —  |0 \ X_  as  found  in  the  last  paragraph. 

EXAMPLE  (i). — To  find  from  the  tables  the 
values  of  sin  242°  and  tan  242°. 

In  the  figure,  OP  is  in  the  third  quadrant. 

—  NP 

sin  242°  =  ~p-  =  -  sin  NOP  =  -  sin  62° 

=  _  0*8829  from  the  tables 

—  NP 

tan  242°  =  — "r.  =  +  tan  62°  =  1*8807 


FIG. 


EXAMPLE  (2).—  Find  the  value  of  cos  (-200°). 


Y' 

FIG.  7. 
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The  generating  line  OP  is  in  the  second  quadrant 

-ON 

COS  (-  200°)  =  -0p-  =   -  COS  PON 

=  —  cos  20°  =  —  0-9397 

When  we  require  to  find  a  trigonometrical  ratio  of  an  angle  which  lies 
between  two  consecutive  angles  in  the  tables,  we  assume  that  a  small  change 
in  the  ratio  is  proportional  to  the  change  in  the  angle,  and  proceed  as 
follows  : — 

EXAMPLE  (i). — To  find  sin  iy%°from  the  tables. 

We  find  from  the  tables 

sin  16°  =  0*2756 
sin  15°  =  0-2588 

difference  for  i°  =  O'oi68 
.*.  difference  for  o'8°  =  o'8  X  O'Oi68  =  0-0134 

Adding  this  to  sin  15°,  we  get 

sin  15*8°  =  0*2722 

EXAMPLE  (2). — To  find  cos  221-4°. 

We  have  cos  221-4°  =  —cos  41  -4°. 
From  the  tables 

cos  41°  =  0-7547 

cos  42°  =  0-7431 


Difference  for  i°  =  O"on6 
.*.  difference  for  0*4°  =  0*00464 

Since  the  cosine  of  an  angle  decreases  as  the  angle  increases,  this  difference  must  be 
subtracted  from  cos  41°. 

We  get  cos  41-4°  =  0*75006 
.'.  cos  221-4°  =  —  0*7501 

A  graphic  method  of  finding  the  ratios  of  an  angle  which  lies  between  two  given 
values,  by  means  of  squared  paper,  will  be  given  in  Chapter  VII. 

EXAMPLE  (3). — To  find  the  angle  between  o°  and  90°  whose  sine  is  0*6070, 

We  find  from  the  tables 

sin  38°  =  0*6157 
sin  37°  =  0*6018 

Difference  for  i°  =  0*0139 
Thus  the  required  angle  lies  between  37°  and  38°. 

Let  the  required  angle  =  37°  +  x° 
Then  sin  (37°  +  x°)  =  0*6070 
sin  37°  =  0*6018 

Difference  for  x°  =  0*0052 

.   x  _  0-0052  _ 


.*.  the  required  angle  is  37  "37°. 
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16.  Trigonometrical  Ratios  of  Angles  of  Equal  Numerical  Magni- 
tude but  Opposite  Sign. 

Let  OP  and  OP'  make  angles  0  and  -  0  with  OX. 
Take  OP  =  OP'  =  r. 

Then  for  the  points  P  and  P'  the 

Y  values  of  or  and  r  are  always  the  same, 

whatever  the  value  of  0,  while  the  values 
of  y  are  of  equal  numerical  magnitude 
but  opposite  sign. 


FIG.  8. 


tan  (-0)  = 


ON 


NP 
ON 


=  —  tan  6 


An  even  power  of  any  quantity  does 
not  change  sign  when  that  quantity 
changes  sign,  while  an  odd  power  of 
any  quantity  does  change  sign  with  that 
quantity.  By  analogy,  we  say  that  sin  6 
and  tan  6  are  odd  functions  of  9,  be- 
cause they  change  sign  when  0  changes 
sign,  while  cos  B  is  said  to  be  an  even 
function  of  6  because  it  does  not  change 
sign  with  6. 


17.  Angles  whose  Generating  Lines  lie  between  Two  Quadrants. 

I.  Ratios  ofo°. 

Let  XOP  =  6  be  a  very  small  angle. 

Then  for  the  point  P  x  is  very 
nearly  equal  to  r,  and  y  is  very  small. 
Now  let  OP  move  down  towards  OX. 
Then,  as  0  gets  nearer  and  nearer  to 
the  value  o°,  x  gets  more  and  more 
nearly  equal  to  r,  and  y  gets  more  and 
more  nearly  equal  to  o. 


FIG.  9. 


FIG,  10. 


.*.  cos  6  =  -  approaches  the  value  I 
and   may  be  made  as  nearly  equal  to  l   as  we 

y 

please  by  taking  0  small  enough,  while  sin  0  =  -; 

and  tan  0  =  -  approach  the  value  o  as  0  diminishes. 

Accordingly,  although  we  cannot  construct  an 
angle  of  o°,  we  may  still  say  that 

sin  o°  =  o,  cos  o°  =  i,  tan  o°  =  o 

II.  Ratios  of  90°. 

Suppose  OP  to  be  approaching  OY,  so  that 
0  =  XOP  is  approaching  the  value  90°. 

Then  y  is  getting  more  and  more  nearly  equal 
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to  r,  so  that  sin  6  =  -_  is  approaching  the  value  I,  so  also  x  is  getting  more 

% 

and  more  nearly  equal  to  o,  and  cos  9  =  -  is  approaching  the  value  o. 

y 

Next  consider  the  value  of  tan  9  =  -. 

•Suppose  y  =  i  and  x  = ,  then  tan  6  =  i.ooo.ooo 

1,000,000' 


Suppose/  =  I  and  x  = 
Suppose/  =  I  and  x  = 


10,000,000 


100,000,000 


,  then  tan  6  =  10,000,000 
,  then  tan  0  =  100,000,000 


and  so  on. 

Thus  by  taking  x  small  enough,  and  consequently  0  sufficiently  near  to 
90°,  we  can  make  tan  6  greater  than  any  number  that  can  be  thought  of.  A 
quantity  which  is  greater  than  any  number  that  can  be  thought  of  is  said  to 
be  infinite,  and  is  denoted  by  the  sign  «>. 

We  thus  get  the  results 

sin  90°  =  i,  cos  90°  =  o,  tan  90°  =  eo 
111.  Ratios  of  1 80°. 


As  OP  approaches  OX' — 

and  6  approaches  the  value  180* 
x  „  „       -r 

and/  „  „      o 

as  before  we  get 

sin  180°  =  o,  cos  180°  =  —  =  - 1,  tan  180°  =  o 

IV.  Ratios  of  270°. 

As  OP  approaches  OY',  and  0  approaches  the  value  270° 

x  approaches  the  value  o 
and/  „  „     -r 

and  we  get  sin  270°  =  -      =  —  i,  cos  270°  =  o 
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By  proceeding  as  in  the  case  of  90°  we  get,  if  we  suppose  OP  to  approach 
OY'  from  the  third  quadrant,  tan  270°  =  +00. 

We  may  here  notice  that  if  we  suppose  OP  to  approach  OY  from  the 


N   0 


y\ 


Y' 

FIG.  11. 


second  quadrant  in  finding  the  value  of  tan  90°,  the  value  of  x  is  negative, 
and  we  get  tan  90°  =  —  oo . 

Thus  the  tangent  of  an  angle  gradually  increases  from  o  to  oo  as  the  angle 
increases  from  o  to  a  right  angle,  and  then  makes  a  sudden  change  to  —  oo 
as  the  angle  passes  through  the  value  90°. 

So  also  the  tangent  changes  from  +00  to  —  oo  as  the  angle  passes  through 
the  value  270°. 


EXAMPLES. — IX. 

Draw  figures  to  show  the  angles  in  the  following  examples,  and  find  from  the 
tables  the  sine,  cosine,  and  tangent  of  each  : — 


1.  175°.  2io°,  320°,  400°. 
3.  I59°,  238°,  294°,  516°. 

6.  23°,  123°,  233°,  312°,  383°. 

7.  -73°,  -160*,  -250°,  -403°. 

Find  the  values  of  the  following  : — 


2.  163°,  213°,  310°,  505°,  1200°. 
4.  163°,  210°,  100°,  200°,  300°. 
6.  113°,  211°,  263°,  293°,  310°. 
8.  -131°,  -283*  -791°. 


10.  Sin  133-3°,  cos  133-3°  tan  133-3°. 
12.  Sin  311-2°,  cos  311-2°,  tan  311-2°. 


9.  Sin  26-7°,  cos  26-7°,  tan  267°. 
11.  Sin  221-4°,  cos  221-4°,  tan  221-4°. 
18.  Sin  121-2°,  sin  2i2'6°,  sin  (—82°). 
14.  Give  the  values  in  degrees,  correct  to  one-tenth  of  a  degree,  of  the  following  :  — 

sin-1  0-2147,  sin"1  0-8634,  cos-1  0-3859,  tan-1  1*2985. 

IB.  Find    the  values   of   the   following   expressions  ;    the   angles    are    given   in 
radians  t  — 


Un 


sin  2-53,  cos  5,  cos  3-42,  sin  (—1-571),  cot  (-2-34) 
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16.  Find   the  values   of  cos   (3*  —  i)    for   the   cases   where  x  =  I    radian,   and 
x  =  5  radians  respectively. 

17.  Find  the  value  of  sin  (ct  +  g\  where  c  =  600,  /  =  o'i,  g  =  —  O'I745,  and  the 
angle  (ct  +  g)  is  expressed  in  radians. 

18.  Find  the  value  of  sin  (ct  +  g)  where  c  =  400,  /  =  O'Oi,  g  =  1-1170. 

19.  Construct  angles  of  2  and  3  radians,  and  find  from  the  tables  their  sines,  cosines, 
and  tangents. 


18.  Complementary  Angles. — If  the  sum  of  two  angles  is  a  right  angle 
they  are  said  to  be  complemen- 
tary angles,  and  each  is  called        y 
the  complement  of  the  other. 

To  find  the  relation  between 
the  ratios  of  an  angle  and  of  its 
complement. 

Let  XOP  =  0  be  any  acute 
angle.  Then  in  the  figure 

NOP  +  OPN  =  90° 

and  OPN    is    the    complement 
of  0. 

Accordingly  we  shall  get  the 

values  of  the  ratios  of  the  com-  FIG.  13. 

plement  of  0  by  interchanging  x 
and  y  in  the  values  of  the  ratios  of  6  given  in  the  definitions  on  p.  n. 


N 


sin  (90°  -  0)  =  sin  OPN  =  -  =  cos  0 
cos  (90°  -  0)  =  cos  OPN  =  -  =  sin  9 
tan  (90°  —  0)  =  tan  OPN  =  -  =  cot  6 
sec  (90°  -  fl)  =  sec  OPN  =  -  =  cosec  0 

These  results  may  be  expressed  in  the  statement — 

Any  ratio  of  an  angle  is  equal  to  the  co-ratio  of  its  complement. 

This  property  of  complementary  angles  is  made  use  of  in  the  tables. 
Each  angle  between  o°  and  45°  on  the  left-hand  side  is  opposite  to  its 
complement  on  the  right-hand  side,  so  that  the  column  for  any  ratio  of 
angles  from  o°  to  45°  will  also  serve  for  the  co-ratio  of  angles  from  45°  to  90°  ; 
e.g.  the  column  of  sines  for  angles  from  o°  to  45°  is  the  same  as  the  column 
of  cosines  for  angles  from  45°  to  90°,  thus  0-4848  stands  as  sin  29°  and  also 
as  cos  61°. 

This  property  of  complementary  angles  may  also  be  proved  for  angles  of 
any  size.  As  an  example  the  student  should  prove  it  for  the  case  of  angles 
between  90°  and  180°. 


19.  Supplementary  Angles. —  If  the  sum  of  two  angles  is  180°  they  are 
said  to  be  supplementary  angles,  and  each  angle  is  called  the  supplement  of 
the  other. 

To  find  the  relation  between  the  ratios  of  an  angle  and  of  its  supplement. 
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If  OP  generates  an  angle  6,  the  supplement  of  0  which  is  equal  to  180°—  0, 
will  be  generated  by  a  straight  line  OQ,  rotating,  first  from  OX  to  OX 


M 


Y' 

FIG.  14. 

through  an  angle  of  180°  in  a  positive  direction  and  then  backwards  through 
an  angle  X'OQ  =  0  in  a  negative  direction,  so  that  XOQ  is  the  supplement 
ofe. 

Thus,  as  OP  starts  from  OX  to  generate  the  angle  6,  OQ  starts  at  the 
same  instant  from  OX',  and  the  two  lines  rotate  round  O  in  opposite 
directions  at  the  same  rate,  crossing  each  other  at  OY  and  OY'. 

It  follows  that  whatever  the  value  of  6  the  values  of  y  and  r  are  the  same 
for  the  two  points  P  and  Q,  while  the  values  of  x  are  numerically  equal,  but 
of  opposite  sign. 


cos  (180°  -  6}  = 


OM 


OQ 

tan  (180°  —  0}  =  =rrj- 
UM 


ON 
OP 


ON 


=  —  COS  9 


=  —  tan  8 


Note  in  particular  that — 

The  sine  of  an  angle  is  the  same  as  the  sine  of  its  supplement  ; 
The  cosine  of  an  angle  is  equal  in  numerical  magnitude  but  opposite  in 
sign  to  the  cosine  of  its  supplement. 


20.  Formulas  connecting  the  Ratios  of  an  Angle. 
From  the  definitions  of  the  trigonometrical  ratios  we  get  the  following 
relations : — 


__ 

COS  O 


(I) 


Trigonometry  2 1 


r      r         i 

cosec  6  =  -=.=  - — -       (2) 

y     y      sin  0 

r 

col  6  =  -  =  1  =  _J_  (3) 

y     y_      tan  0 
x 


_ 

sin  dry  .  > 

- .  =  -  =  J-  =  tan  « (4) 

cos  6      .r      x 


EXAMPLE  (l).  —  To  verify  from  the  tables  that  cot  56°  =  -  -  go 

Examples  in  the  verification  of  these  formulae  are  given  in  order  to  fix  them  in  the 
mind  of  the  student.  The  details  of  the  calculation  should  be  set  down  in  full,  as  in 
this  example,  so  that  the  student  may  obtain  a  knowledge  of  the  limits  of  accuracy  in 
working  with  four-figure  tables. 

From  the  tables  we  get  tan  56°  =  I  '4826. 

log  1-4826  =  0-171  1 
log  I  =  o'o 


The  tables  give  cot  56°  =  0-6745 


within  the  limits  of  accuracy  of  the  tables. 

EXAMPLE  (2).—  Verify  from  the  tables  that  S1"  3*0  =  tan  31°. 


From  the  tables 


sin  31°  =  0-5150  ;   log  0-5150  =  £-7118 
cos  31°  =  0-8572  ;    log  0-8572  =  1-9331 


.Mog  =  17787  =  log  0-6008 

From  the  tables  tan  31°  =  0-6009 

.   sin  31° 

..  -—0  =  tan  31° 

cos  31° 

EXAMPLE  (3). — To  find  the  angle  whose  tangent  is  82-7  correct  to  one-tenth  of  a 
degree, 

The  angle  is  evidently  between  89°  and  90°,  but  cannot  be  found  directly  from  the 
tables  since  tan  90°  =  oo  . 

We  know,  however,  that,  if  x°  be  the  required  angle, 

tan  (90°  —  JT°)  =  cot  x  = =  0-0121 

tan  x 

The   tangent   of  a   small   angle   is  very  nearly  proportional   to  the  angle,  and 
therefore  we  may  find  the  tangent  of  (90°  —  x°)  from  the  tables. 
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We  have  tan  i°  =  0*0175 


0*0175 

.'.  *  =  89-3° 

21.  In  Fig.  13,  p.  19,  we  have  by  elementary  geometry,  since  ONP  is  a 
right  angle, 


Dividing  by  r2  we  get 


+  f  = 


y* 


/.  cos2  0  +  sin2  0=1. 
Dividing  (5)  by  x1  we  get 

yl  r1 

:.  \  +  tan2  0  =  sec2  0   . 
Dividing  (5)  by_y2  we  get 

*?          _  rl 
:.  cot2  0  +  i  =  cosec2  0 


(5) 


(6) 


(7) 


(3) 


EXAMPI.K  (i).  —  To  verify  the  formula  (6)/or  the  case  when  6  =  40°. 
We  find  from  the  tables 

sin  40°  =  0-6428  ;   cos  40°  =  0-7660 

/.  sin2  B  +  cos2  6  =  (0-6428)*  +  (0-7660)' 
=  0*4130  +  0*5866 
=  0-9996 
=  i  to  an  accuracy  of  0-05  % 

By  means  of  these  formulae,  if  one  ratio  of  an  angle  is  given,  all  the  others  can 
be  found. 


(2).  —  Given  sin  0=o'2  \  find  cos  0  and  tan  6.     We  shall  assume  that  0 
is  less  than  90°. 

We  have  by  (6)     sin2  0  +  cos*  0  =  I 

/.  cos2  0  —  i  —  sin*  0  —  i  —  (o'2)2  =  i  —  0-04  =  0-96 
.'.  cos  0  =  V'96  =  0-98 

sin  0       0-2 

and  tan  0  =      —.  =   —  ^  =  0-204 
cos  0      0-98 


We  may  also  proceed  as  follows  : — 


Draw  the  triangle  OPN  so  that  OP 
=  r  =  i,    and    PN  =  0*2,    to    any   con- 
p  venient  scale,  and  ONP  is  a  right  angle. 

I/  Then  sin  NOP  =  o'2 

N  X  /.  NOP  =  0 

and  since  x1  +  y1  —  r3 

x*  =r*  —y*=  i  —  o-O4  =  0-96 
.".  *'  =  «/o'96  =  0*98 


and  cos  0  = 
tan  6  = 


0-98 


=  0-204 
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If  tan  0  is  given  in  the  first  instance,  we  may  find  sec  0  from  the  formula  (7)  ; 
cos  0  is  then  given  by  (l),  and  sin  0  by  (4). 


EXAMPLES.  —  X. 

1.  Verify  from  the  tables  that  sin2  0  +  cos2  0  =  r  for  the  case  when  0  =  49°. 

sin  2^ 

2.  Verify  by  numerical  calculation  that  —  —  0  =  tan  23°. 

3.  Verify  that  I  +  tan*  25°  =  sec2  25°. 

4.  Verify  that  cot  55°  =  ~^- 

5.  Verify  that  I  +  cot2  0  =  cosec2  6  for  the  case  when  0  =  25?. 

6.  The  sine  of  an  angle  is  O'3  ;  construct  the  angle,  and  find   its  cosine  and 
tangent. 

7.  The  cosine  of  an  angle  is  0*25  ;  find  its  sine  and  tangent. 

8.  The  tangent  of  an  angle  is  2  ;  find  its  sine  and  cosine. 

9.  Sin  9  =  o'534i  ;  find  cos  0  and  tan  0. 

10.  Cos  0  =  0^4746  ;  find  sin  0  and  tan  0. 

11.  Sec  0  =  7*9604  ;  find  sin  0,  cos  0,  and  tan  0. 

12.  Construct  an  angle  whose  tangent  is  f,  and  find  its  sine  and  cosine. 

13.  Sin  0  =  0*350  :  find  cos  0  and  tan  0. 

14.  Construct  an  angle  whose  sine  is  ^,  and  find  its  cosine  and  tangent. 

15.  Construct  an  angle  whose  tangent  is  ^-f-,  and  find  its  sine  and  cosine. 

16.  Construct  an  angle  whose  secant  is  ^|,  and  find  its  sine,  cosine,  and  tangent. 

17.  Construct  an  angle  whose  cosine  is  £J,  and  find  its  sine  and  tangent. 

18.  Construct  an  angle  whose  tangent  is  ^4,  and  find  its  cosine  and  sine. 

19.  Construct  an  angle  whose  cotangent  is  ^5,  and  find  its  sine  and  cosine. 

y 

20.  If  tan  $  =  -,  find  sin  <p  and  cos  <p. 


21.  If  x*  +/1  +  z*  =  tat  and  cos  0  =    ,  find  sin  0  and  tan  0  in  terms  of  x,  y,  and  t. 
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SOLUTION  OF    TRIANGLES 

22.  A  triangle  may  be  considered  as  made  up  of  three  sides  and  three 
angles.  These  are  called  the  six  parts  of  the  triangle.  When  any  three 
of  the  six  parts  are  given,  one  given  part  being 
a  side,  the  triangle  can  be  constructed  and  the 
remaining  parts  found.  The  process  of  finding 
the  remaining  parts  when  three  are  given  is 
sometimes  spoken  of  as  solving  the  triangle. 

We  use  A,  B,  C  to  denote  the  angles  of  the 
triangle  ABC,  and  a,  b,  c  to  denote  the  sides 
opposite  to  the  angles  denoted  by  the  correspond- 
ing letters  ;  thus  a  denotes  the  side  BC  opposite 
to  the  angle  A. 


FIG.  16. 


23.  Solution  of  Right-angled  Triangles. — If  it  is  known  that  one  of 
the  angles,  C,  is  a  right  angle,  this  part  of  the  triangle  is  known,  and  we 
require  to  know  two  other  parts,  one  of  which  must  be  a  side,  in  order  to 

solve  the  triangle. 

I.  Let  one  of  the  angles,  and  one  of  the 
sides  containing  the  right  angle,  be  given  as 
A,  a. 

Then  we  have 

A  +  B  +  C  =  180°,  and  C  =  90° 
/.  A  +  B  =  90°,  and  B  =  90°  -  A 

Thus  B  is  determined. 

Also  -  =  cot  A.  and  .*.  b  =  a  cot  A 
a 

Thus  b  is  determined. 

To  find  c  we  have  -  =  sin  A,  and  .'.  c  —  -• — ^ ,  and  c  is  determined. 
c  sin  r\ 


EXAMPLE.— Let  a  =  27  ft.,  B  =  54°.     Solve  the  triangle. 

We  have  A  +  B  =  90°  ;    .*.  A  =  90°  -  B  =  36° 
b 
-  =  tan  B  ;    .-.  b  =  a  tan  B  =  27  tan  54°  =  27  x  i'3;6  =  3715  ft. 

AI      a        •     A  a  2'7 

Also  —  =  sin  A  ;    .*.  c  =  — — -T  =  — —.  =  4' 59  ft. 

.-.  A  =  36°,  b  =  3715  ft.,  t  =  4-59  ft. 

The  student  should  draw  the  triangle  ABC  to  scale  from  the  given  data,  and  find 
the  values  of  b,  ct  and  A  by  measurement. 
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II.  Let  one  of  the  angles  and  the  hypotenuse  be  given  as  A,  c- 
Then,  as  before,  B  =  90°  -  A. 

b 

-  =  cos  A  ..  o  =  c  cos  A 
c 

-  =  sin  A  .'.  a  =  c  sin  A 
c 

Thus  B,  b,  and  a  are  determined. 

EXAMPLE.— Let  c  =  3-4  ft.,  B  =  29°.     Solve  the  triangle. 

We  have  A  =  90°  -  B  =  61° 

a  =  c  cos  B  =  c  cos  29°  =  3-4  X  0-8746  =  2-975  ft* 
b  =  c  sin  B  =  c  sin  29°  =  3-4  X  0*4848  =  1-649  ft- 
.*.  A  =  61°,  a  =  2-975  ft-»  b  =  r649  ft- 

The  student  should  verify  these  results  by  construction  and  measurement. 

III.  Let  the  two  sides  containing  the  right  angle  be  given  as  a,  A 

a 

Then  tan  A  =  7- 
o 

B  =  90°  -  A 

—  =  sin  A,  and  c  =  — 


sin  A 
or  c  =  V  a?  +  V* 

Thus  A,  B,  and  c  are  determined. 

EXAMPLE. — Let  a  —  3'4//.,  b  =  2'6/t.     Solve  the  triangle. 
tan  A  =  °r  —  ~^  =  1*307  =  tan  52*5° 

/.  A  =  52-5°;   B  =  90°  -  5^5°  =  37'5° 

c  =  */a-  +  32  =  V3'4*  +  2-62  =  4-28  ft. 
/.  A  =  52-5°,  B  =  37-5°,  c  =  4-28  ft. 

Verify  by  construction  and  measurement. 

IV.  Let  the  hypotenuse  and  one  other  side  be  given  as  c,  a. 

Then  sin  A  =  — 
c 

B  =  90°  -  A 

.—  =  sin  B  .'.  b  =  c  sin  B 

c 

or  a2  +  ft2  =  (?  .*.  b  =  4/c~  —  a* 

Thus  A,  B,  and  b  are  determined. 

EXAMPLE.—  Let  c  =  5"4//.,  b  =  2'6/f.     Solve  the  triangle. 

We  have  sin  B  =  -  =  V  =  0*4815  =  sin  28'8°,  and  /.  B  =  aS'Ji0 
A  =  90°  -  28-8°  =  61-2° 


a  =  Jc*  -  P  =  ^29-16  -  6-76  -  4-73  ft. 
.'.  B  =  28-8°,  A  =  6l'2°,  a  =  4-73  0. 

Verify  by  construction  and  measurement. 
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EXAMPLES. — XI. 

ABC  is  a  triangle  having  a  right  angle  at  C.    Solve  the  triangle,  having  given  the 
following  data.     In  each  case  verify  your  result  by  construction  and  measurement. 


1.  A  =  32°;  a=  17  ft. 

3.  B  -  49°  ;  c  =  27  ft. 

5.    b  =  55  ins.  ;  c  =  167  ins. 


2.  A  =  56°  ;  b  =  3-8  ft. 

4.   b  —  3'4  ins.  ;  a  =  27  ins. 

6.  a  =  32  ins. ;  c  =  98  ins. 


24.  The  Sides  of  a  Triangle  are  Proportional  to  the  Sines  of  the 
Opposite  Angles. 


a. 


C     N 


FIG.  1 8. 


In  the  triangle  ABC  draw  AN  perpendicular  to  BC  or  BC  produced. 
Then  in  both  figures 


.     _       AN  .     _       AN 

sin  B  =  — ;  sm  C  =  — T- 

AN 

sin  B        c        b 


Similarly,  by  dropping  a  perpendicular  from  B  on  AC,  we  may  prove 
that 

sin  C  _  c 
sin  A      a 

,    ....    sin  A      a 

and  similarly  -  —  B  =  r 

3  sin  B      b 

Thus  the  sides  of  a  triangle  are  proportional  to  the  sines  of  the  opposite 
angles  ;  or 


sin  A      sin  B      sin  C 


EXAMPLE. — To  verify  the  formula  I.  numerically. 

Let  b  =  2,  c  =  3.  With  any  point  A  as  centre,  describe  two  circles  of  radii 
3  and  2.  Draw  any  straight  line  DE  to  cut  the  circles  in  B  and  C  respectively. 
Join  AB  and  AC. 

Measure  the  angles  at  B  and  C,  and  calculate  the  ratio  - — -=      Compare  this 

sin  L> 

b      2 
with  the  ratio  -  =  — . 

f     3 
Then  draw  the  straight  line  DE  in  another  position,  so  that  it  still  cuts  the  two 

circles.     Find  -. — ^  as  before,  and  compare  with  the  ratio  -• 
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In  an  actual  case  it  was  found 


.   sin  B  _    sin  34°    _  0-5592  _ 
sin  C       sin    6'4°         '  ' 


while  -  =  §  =  o'666  .  .  . 
Similarly,  by  drawing  DE  in  'other  positions,  so  that  B  and  C  are  on  the  re 


D       B 


FIG.  19. 

spectivc  circles,  and  therefore  b  and  ^have  always  the  same  values,  we  find  that  - — ^ 

sin  \j 

is  always  equal  to  -  within  the  limits  of  experimental  error  in  drawing. 

This  formula  may  be  used  in  the  following  cases  of  solution  of  triangles. 


25.  I.  Given  two  angles  and  a  side  as  B,  C,  b, 

Since  A  +  B  +  C  =  180°,  A  =  180°  -  E 
We  now  know  all  three  angles. 
To  find  c  we  have 


,  and  is  determined. 


c     sin  C 
~b~  sin  B 


sin  C 


and  can  be  calculated,  since  all  quantities  on  the  right-hand  side  of  this 
equation  are  known. 
To  find  a  we  have 


a  _  sin  A 
~b  ~  sin  B 


.*.  a  = 


b  sin  A 
sin  B 


We  have  now  expressed  A,  c,  and  a,  in  terms  of  known  quantities. 


EXAMPLE.—  In  the  triangle  ABC  given,  B  =  49°,  C  =  63°,  b  =  36-3.  Find  A, 
f,  and  a. 

In  this  and  subsequent  examples  the  logarithmic  working  has  been  shown  in  full, 
as  an  example  to  the  student  of  how  his  work  should  be  set  down. 

Since  A  +  B  +  C  =  180° 

A  =  180°  -  (B  +  C)  =  180°  -  (49°  -f  63°)  -  68° 
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To  find  a  we  have 

£  _  sin  A  .    a  _  b  sin  A  _  36 '3  sin  68C  _  36-3  x  0*9272 
1      sin  B  '  sin  B  sin  49°  07547 

log  36-3  =  1*5599 
log  0-9272  =  1-9672 

1-5271 
log  07547  =  1-8778 


log  a.  =  1-6493  =  log  44'6o 
.*.  a  =  44- 6 
To  find  c  we  have 

c  _  sin  C       .      _  b  sin  C  _  36-3  sin  63°  _  36-3  X  0*8910 
6  ~sin  B      **  sin  B  sin  49°  0-7547 

log  36'3  =  T5599 
log  0-8910  =  I  "9499 

£-5098 
log  0-7547  =  1-8778 

log  c  =  1-6320  =  log  42*85 
.*.  c  =  42*85 
Thus  the  required  values  are 

A  =  68°,  c  =  42-85,  a  =  44-6 

The  student  should  construct  the  triangle  from  the  given  values,  and  find  the 
values  of  a  and  b  by  measurement. 

The  percentage  error  of  the  measured  as  compared  with  the  calculated  value 
should  be  found  and  stated. 

26.  II.  Given  two  sides  and  the  angle  opposite  one  of  them,  as  6,  c,  B. 

Draw  AB  equal  to  the  given  value  of  c. 
Make  the  angle  ABC  equal  to  B.    With 
centre  A  and   radius   equal   to  the  given 
value  of  b  describe  a  circle.    This  will  in 
general  cut  BC  in  two  points,  C,  C1. 

If  b  is  less  than  c,  these  points  are  both 
on  the  same  side  of  B.     Join  AC,  AC1. 

Thus  there  are  two  possible  triangles, 
FlG-  «°-  ABC,  ABC1,  having  the  given   values  of 

b,  c,  and  B. 

If  b  is  greater  than  c,  only  one  of  the  points  of  intersection,  C,  is  on  the 
same  side  of  B  as  the  given  angle  ABC. 

In  this  case  there  is  only  one  triangle  satisfying  the  given  conditions. 
If  the  circle  of  radius  b  touches  BC  the  two  triangles  ABC  and  ABC1 
coincide,  and  we  have  a  right-angled  triangle  ABC. 

If  we  find  that  b  is  shorter  than  the  perpendicular  from  A  to  BC,  the 
circle  will  not  reach  the  line  BC,  and  there  is  no  possible  triangle  having 
the  given  values  of  b,  <:,  and  B. 

Whenever  two  sides  and  the  angle  opposite  one  of  them  are  given,  the 
student  should  first  draw  the  figure  to  scale  ;  he  will  then  see  what  solutions 
to  look  for. 

To  solve  the  triangle  by  calculation  we  proceed  as  follows  : — 

sin  C      c                                     c  sin  B 
/.  sin  C  =  — z • 


sin  B      b 
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Since  f,  £,  and  sin  B  are  known,  this  gives  sin  C.  Since  angles  in  both 
the  first  and  second  quadrants  have  their  sines  positive,  this  value  of  sin  C 
may  correspond  to  either  of  two  values  of  C,  one  the  acute  angle  ACB,  and 
the  other  its  supplement,  AC'S. 

In  Fig.  20,  for  example,  we  should  find  from  the  tables  the  value  of  ACB 
corresponding  to  the  value  of  sin  C,  but  the  angle  AC'B,  which  is  the 
supplement  of  ACB,  has  the  same  sign,  and  is  a  possible  solution.  The 
figure  will  always  show  what  values  to  take. 

Taking  first  the  acute  angle  ACB  as  the  value  of  C,  we  now  have 

A  =  180°  -  (B  +  C) 
The  side  BC  may  now  be  found  from  the  formula 

a      sin  A  b  sin  A 

b  ~  sin  B  *"  sin  B 

We  have  now  found  all  the  parts  of  the  triangle  ABC. 
Similarly,  taking  the  obtuse  angle  AC'B  as  the  value  of  C,  we  may  solve 
the  triangle  AC'B. 

EXAMPLE  (l). — In  the  triangle  ABC,  given  b  =  5*631,  <  =  4732,  B  =  47°, 
findC. 


FIG.  21. 


By  construction  we  find  that  there  is  only  one  possible  solution. 

sin  C  _  e 

We  have  -r—  =  =  7 
sin  B      b 


•   -in  C  =  e  Si"  B  -  4'732  X  °'7314 
b  5-631 

log  4732  =  0-6751 
log  073  14=  1-8641 

0-S392 
l°g  5'63l  =  0-7506 

log  sin  C  =  1*7886  =  log  0-6146 

/.  sin  C    =  0-6146  sin  38°  =  0-6157 

sin  37°  =  O'6oi8  sin  37°  =  O'6oiS 

difference  =  o'oiaS  difference  for  i°  =  0-0139 

.'.  C  =  (37  +  }1|)°  =  37-9° 

Verify  by  construction  and  measurement. 
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EXAMPLE  (2).— Given  a  =  25*2,  b  =  31*6,  A  =  23°,  find  B  and  C. 
By  construction  we  see  that  there  are  two  possible  solutions, 
sin  B      b 


We  have 


sin  A 

.  Sin  B  = 
*• 


a 
3sinA 


X  0-3907 


25-2 


FIG.  22. 

log  31-6  =_i'4997 
log  0-3907  =  1-5919 

1-0916 
log  25*2  =  1*4014 

log  sin  B  =  1-6902  =  log  0-4900 
.'.  sin  B  =  0-4900  =  sin  29-3° 
and  B  =  29-3° 

This  is  the  angle  CBA  =  CB'B  in  the  figure. 

/.  CB'A  =  180°  -  CB'B  =  180°  -  29-3°  =  150-7° 
and  the  possible  values  of  B  are  29-3°  and  150-7°. 

If  B  =  29-3°,  C  =  180°  -  (A  +  B)  =  127-7°  =  ACB 
If  B  =  150-7°,  O  =  180°  -  (A  +  B)  =  6-3°  =  ACB1 

Compare  these  results  with  the  values  found  by  construction  and  measurement, 


EXAMPLES. — XII. 
Solve  the  triangle  ABC  completely  when  the  following  data  are  given  :— 

1.  A  =  28°,  B  =  35°,  c  =  6.  2.  A  =  58°,  B  =  73°,  b  =  3-42 

3.  A  =  75°,  B  =  43°,  b  =  5462  yds.  4.  A  =  85°,  B  =  42°,  a  =  4-65. 

Given — 

5.  b  =  5-631,  c  =  4732,   B  =  47°,  find  C. 

6.  c  =  351  ft.,  b  =  432  ft.,  B  =  39°,  find  A  and  C. 

7.  a  =  125-2,  b  =  131-6,  A  =  23°,  find  B  and  C. 

8.  a  =  29-1,  b  =  30-2,  A  =  26°,  find  B  and  C. 

9.  a  =  12-2,  6  =  16-1,  A  =  39°,  find  B  and  C. 

10.  a  =  3-471,  b  =  2-689,  A  =  21°,  find  B,  C,  and  e. 
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11.  a  =  3-21,  b  =  2-65,   B  =  31°,  find  A,  C,  and  e. 

12.  a  =  256  ft.,  A  =  64°,  6  =  31°,  find  b  and  c. 

13.  a  =  3,  b  =  4,  A  =  32°,  find  B,  C,  and  c. 

Solve  the  triangles  in  which 

14.  a  =  2-561,  c  =  3-261,  A  =  41°. 

15.  A  =  120°,  C  =  29°,  b  =  252  yds. 

16.  a  =  35-6,  b  =  47-2,   B  =  55°. 

Given — 

17.  a  =  271,  c  =  3-75,  C  =  64°,  find  b  and  A. 

18.  a  =  2-1,  b  =  3-4,  A  =  32°,  find  B  and  O. 

19.  b  =  4-61,  c  =  3-74,  C  =  41°,  find  A  and  B. 

27.  <*  =  a*  +  b*  -  iab  cos  C. 

In  the  triangle  ABC  let  two  sides  a  and  £,  and  the  angle  C  between  them, 
be  given.    To  find  the  remaining  side  c. 

Draw  BN  perpendicular  to  AC.  g 

I.  Let  the  angles  A  and  C  be  acute. 
Then,  since  BNA  is  a  right  angle, 

AB3  =  BN2  +  NA8  =  BN2  +  (AC  -  CN)8 
=  BN2  +  CN2  +  AC2  -  2AC  .  CN 
=  BC2  +  AC2  -  2AC  .  CN 

But  AB  =  c ;  BC  =  a ;  AC  =  b 

CN 
and  Q^  =  cos  C  ;     .*.  CN  =  a  cos  C 

.*.  substituting  &  —  a*  +  P  —  2ab  cos  C 

II.  Let  the  angle  C  be  obtuse. 


FIG.  33. 


(II.) 


FIG.  24. 

AB*  =  BN2  +  AN2  =  BN2  +  (AC  +  CN)8 
=  BC2  +  AC2  +  2AC  .  CN 

But  CN  =  a  cos  BCN  =  a  cos  (180°  -  C)  =  -a  cos  C        (§  19). 
.'.  substituting  c*  =  a*  +  P  —  2.ab  cos  C 

A  simpler  proof  of  this  formula  will   be  given   in  Chapter  XXL,  on 
Vector  Algebra.     Similarly,  we  may  prove  that 

a*  =  H*  +  c2  —  ibc  cos  A 
and  ^  =  £*  +  a8  —  -zca  cos  B 

If  the  three  sides  of  a  triangle  are  given,  we  may  use  these  formulas  to 
find  the  angles  ;  e.g.  from  I.  we  have 


COS  C    = 
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EXAMPLE  (i).  —  Given  a  =  3-412,  b  —  2735,  C  =  5$°,  find  c. 
c*  =  a?  +  b"'  —  lab  cos  C 

=  (3*4i2)2  +  (2'73S)S  -  2  x  3'4i2  x  2735  x  0-5736 


log  3-412  =  0-5331  log  2-735  =  0-4370 

2  2 


log  (3-412)'  =  1-0662  =  log  11-65  log  (2'735)2  =  0-8740  =  log  7-482 

log  3-412  =  0-5331 
log  2-735  =  °'437o 

log  2  X  0-5736  =  log  I-I472  =  0-0596 

log  203  COS  O  =   I-O297  =  log  IO'7I 

.*.  c1  =  11-65  +  7'482  —  io'7r  =  8-422 

C  =  /v/8'422 

log  8-422  =  0-9254 
log  ^8-422  =  0*4627  =  log  2-903 
.*.  c  =  2*902 

Compare  this  with  the  value  obtained  by  construction  and  measurement. 

EXAMPLE  (2).  —  Given  a  =  10,  b  —  5,  c  =  5*86,  find  the  angles. 
We  have  c2  =  a*  +  b1  —  2ab  cos  C 

b*  ~  c*  -  I0*  +    *  -    '86« 


„  r  - 


2ab  2.10.5 

loo  +  25  — 
=  -  —  ^—^  — 


=  0-9066  =  cos  25° 

IOO 


.*.  c  =  25 


To  find  B  when  C  has  been  found,  it  is  better  to  use  the  sine  formula  I.,  as  it  is 
more  suitable  for  calculation  with  logarithms. 

sin  B      b 

We  have  -  —  ~  =  - 
sin  C      c 

.     .     B  _  b  sin  C  _  5  X  0*4226 
*  *  S1'  f  5-86 

2-1130 
=  —  isf-  =  0*3606  =  sin  2ri° 

.*.  B  =  21-1° 

A  =  180°  -  (B  +  C)  =  180°  -  46-1°  =  133-9° 
.*.  the  required  angles  are 

A  =  133-9°,  B  =  2i'i°,  C  =  25° 

Compare  with  the  values  obtained  by  construction  and  measurement,  and  find  the 
percentage  errors. 

Note  that  the  error  of  the  graphic  method  is  often  considerable  with  small  angles, 
especially  with  angles  less  than  30°. 


EXAMPLKS. — XIII. 

1.  a  =  3-2,  b  =  4-31,  C  =  56°  ;  find  c. 

2.  a  =  3,  b  =  5,  C  =  42°  ;  find  <-,  A,  and  B. 
8.  (7  =  1-3,  ^  =  4'5.  C  =  157-5  ;  find  A  and  c. 
4.  a  =  3-412,  b  =  2-735,  C  =  55°  ;  find  c. 
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5.  a  =  2-793,  &  =  3746,  C  =  71°  ;  find  c. 

Q.  a  =  4*356,  b  =  6-231,  C  =  42°  ;  find  r. 

7.  a  =  5-634,  c  =  2-718,  B  =  69°  ;  find  3. 

8.  3  =  346' I  ft.,  c  =  200  ft.,  A  =  60°  ;  find  a. 

9.  3  =  2-31,  <:  =  4-32,  A  =  37°  ;  find  a. 

10.  a  =  5-62,  3  =  3-71,  C  =  65° ;  find  c. 

11.  3  =  322  yds.,  c  =  254  yds.,  A  =  53°  ;  find  a. 

12.  3  =  331  yds.,  c  =  567  yds.,  A  =  76°  ;  find  a. 

13.  a  =  5,  3  =  4,  C  =  59°  ;  find  B  and  A. 

14.  a  =  3*6,  3  =  2*5,  c  —  4*9  ;  find  the  angles. 

15.  a  =  5,  3  =  7,  r  =  9 ;  find  A. 

16.  a  =  51  yds.,  3  =  62  yds.,  C  =  72°  ;  find  c. 

17.  a  =  2,  3=3,  c  —  4  ;  find  the  angles. 

18.  a  =  5-32,  3  =  374,  c  —  4-36  ;  find  the  angles. 

19.  0  =  31  ft.,  3  =  42  ft.,  C  =  62°  ;  find  c. 
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28.  Area  of  a  Triangle. — To  find  the  area  of  a  triangle  in  terms  of  any 
two  sides  and  the  angle  between  them. 

Let  a,  6,  and  C  be  given.  p 

Draw  BN  perpendicular  to  AC. 

Then =  sin  C,  and  BN  =  a  sin  C 

Area  of  triangle  =  £  (base  x  height) 

=  ty  .  a  sin  C  =  \  ab  sin  C 
Similarly  it  can  be  proved  that 

Area  of  triangle  =  \bc  sin  A  =  \ca  sin  B 

_  /i  (product  of  two  sides  into  sine  of 

angle  between  them)     .     .     .     .     (III.) 


EXAMPLE. — In   triangle   ABC,   given    a  =  22-3   ins.,  3=35*6   ins.,   0  =  49°, 
find  the  area. 

Area  =  \ab  sin  C  =  J  X  22*3  X  35-6  sin  49° 
=  11-15  x  35-6x0-7547 
log  1115  =  1*0472 
log3S'6  =  i'55I4 
log  0-7547=  1-8778 

log  (\ab  sin  C)  =  2-4764  =  log  299*5 
.*.  Area  =  299-5  square  inches 

29.  Given  three  sides  of  a  triangle,  to  find  its  area. 
We  have  area  =  \  ab  sin  C 

The  relation  cos  C  = -, gives  cos  C  in  terms  of  the  sides. 

2ao 

From  this  we  find  sin  C  =  v'1  ~  cos2C,  and  substitute  in  the  formula  for 
the  area. 


EXAMPLE. —  To  find  the  area  of  a  triangle  whose  sides  a,  b,  and  c  are  4,  3;  and 
2  ins.  in  length  respectively. 

D 


34  Practical  Mathematics 

a*  4.  p  -  c*  _  16  +  9  -  4  _ 


cos  C  = 


2at>  24 


sin  C  =  Vi  -  cos2  C  =  */i  -  $  =  0-4841 
.*.  area  =  ^ab  sin  C 

=  1.4.3.  0*4841  =  2-9046  sq.  ins. 

Verify  by  construction  and  measurement. 

It  may  also  be  proved  that  the  area  of  a  triangle  is  equal  to 


where  s  = 


Js(s  -  a)(s  -  d)(s  -  c) 
a  +  b  +  c 


2 

We  shall  here  show  that  this  formula  is  equivalent  to  the  preceding. 

a  +  b  +  c              b  +  c  -  a 
We  have  s  —  a  =  —  a  = 

....                   c  +  a  —  b  a  +  b  —  c 

similarly  s  —  b  = ,  s  —  c  =  — 


multiplying  out 


=  ^a^v'i  -  cos2  C  =  \ab  sin  C 

=  area  of  triangle  ABC,  as  already  proved 


EXAMPLE. — In  the  example,  p.  33,  we  have 
a  -.-.  4,  b  =  3,  c  =  2 


2 

s  -  a  -  0-5  ;  j  -  b  =  1-5  ;  s  -  c  =  2'5 


-  \/4'S  x  0-5  x  i  -5  x  2-5 


s  x  3  x  i  =  (f  v/rs  =  2-9046 
which  agrees  with  the  value  found  in  the  above  example. 

EXAMPLES.  —  XIV. 
Find  the  area  of  the  triangle  ABC,  when  the  following  data  are  given  ;— 

1.  a  =  3572  ft.,  b  =  4621  ft.,  C  =  59°. 

2.  a  =  2784  ft.,  b  =  3685  ft.,  C  =  82°. 

3.  c  =  31-6  ft.,  a  =  21-25  ft.,  B  -  16°. 

4.  b  —  331  yds.,  c  =  567  yds.,  A  =  76°. 

5.  a  =  562  ft.,  b  =  343  ft.,  C  =  65°. 

6.  a  =  51  yds.,  *  =  62  yds.,  C  =  72°. 

7.  a  =  5  ft.,  £  =  7  ft.,  r  =  9  ft. 
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8.  a  =  3-5  ft.,  b  =  27  ft.,  c  —  4-3  ft.  t 

9.  a  —  2-5  ft.,  b  =  3-8  ft.,  c  =  2-3  ft.  ;  find  B  and  the  area. 

10.  a  =  4-32  ft.,  b  =  6'7i  ft.,  c  =  932  ft.  ;  find  C  and  the  area. 

11.  a  =  l  ft.,  3  =  3  ft.,  c  =  2'5  ft.  ;  find  the  three  angles  and  the  area. 

12.  a  =  5  ft.,  b  =  6  ( t  ,  c  —  7  ft.  ;  find  A  and  the  area. 

13.  Prove  the  relation 

sin  A      sin  B      sin  C 


by  means  of  the  formula  III.,  for  the  area  of  a  triangle. 

30.  Miscellaneous  Problems  on  Solution  of  Triangles. 

DEFINITION.  —  The  elevation  of  an  object  which  is  higher  than  the 
eye  of  the  observer,  is  the  inclination  to  the  horizontal  of  the  straight 
line  joining  the  eye  of  the  observer  to  the  object. 

If  we  suppose  a  telescope  to  be  first  horizontal,  and  then  to  be  turned  in 
a  vertical  plane  till  the  top  of  a  hill  can  be  seen  through  it,  the  angle  through 
which  it  is  turned  is  the  elevation  of  the  top  of  the  hill. 

The  depression  of  an  object  which  is  lower  than  the  eye  of  the 
observer  is  the  inclination  to  the  horizontal  of  the  straight  line 
joining  the  eye  of  the  observer  to  the  object. 

If  a  telescope  is  placed  in  a  horizontal  position  on  the  top  of  a  hill  and 
then  turned  downwards  in  a  vertical  plane  till  some  object  below  can  be 
seen  through  it,  the  angle  through  which  the  telescope  is  turned  is  the 
depression  of  that  object. 

EXAMPLE  (l).  —  A  and  B  are  two  points  in  the  same  horizontal  plane,  and  in  the 
same  straight  line,  -with  ttufoot  of  a  (crrvfr,  CD.  From  B  the  elevn  tion  of  the  top  C  of 
the  tower  is  23°  ;  from  A  it  is  39°.  AB  =  $oft.  Find  the  height  of  the  tower  and  its 
distance  from  A. 


Let  the  height,  CD,  of  the  tower  be  h,  and  let 


AD      x 
Then          =  -  =  cot  DAC  =  cot  39°  =  1-2349 


FIG.  26. 

.'.  subtracting,  5°  =  ri2io 
n 
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A  = 


1-1210 
=  44-6  ft. 

x-  h  X  1-2349  =  55-1  it. 
.*.  height  of  tower  =  44^6  ft.     Distance  from  A  =  55-1  ft. 

In  problems  on  the  solution  of  triangles,  the  student  should,  whenever  possible, 
verify  his  results  by  construction  to  scale. 

EXAMPLE  (2). — From  the  deck  of  a  ship  the  elevation  of  the  top  of  a  mountain  is 
46°,  and  from  the  masthead  it  is  44°.  The  mast  is  120  ft.  high.  Find  the  height  of  the 
mountain  above  the  deck. 

In  the  figure,  AB  is  the  mast  ;  E  is  the  top  of  the  mountain ;  D  is  a  point  at  the 
level  of  the  deck  vertically  under  E. 
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Let  ED  =  h,  AD  =  x. 

E 


We  have  -  =  tan  46°  =  1*0355 

h  —  120 

—  =  tan  44°  =  0*9657 

subtracting,  —  =  0*0698 


0*0698 


EXAMPLE  (3). — The  area  of  the  cross-section  of  a  rectangular  prism  is  92*30 
sq.  ins.  What  is  the  area  of  a  section  making  an 
angle  of  25°  with  the  cross-section  ? 

(Board  of  Education  Examination,  1904.) 

Let   A  BCD   be   the  cross-section,    ABEF   the 
section  whose  area  is  required. 


Then 


area  ABEF  _  AB  .  BE 


area  ABCD      AB  .  BC 
.*.  area  ABEF  = 


BE 
BC 


_        - 

cos  25°      o  9063 


cos  EEC 

=  loi'S  sq.  ins. 


FIG.  27*. 


In  a  similar  way  it  may  be  shown  that,  for  a  prism 
of  any  shape, 


area  of  cross-section 

— -f. ; k  =  cos  (angle  between  A  and  cross-section) 

area  of  any  section  A 


EXAMPLES. — XV. 

1.  A  ladder,  35  ft.  long,  is  resting  against  a  wall.     The  foot  of  the  ladder  is 
found  by  measurement  to  be  6  ft.  3  ins.  from  the  wall.     What  is  the  height  of  the 
top  of  the  ladder  above  the  ground  ? 

2.  A  vertical  cliff  is  452  ft.  high.     From  the  top  of  the  cliff  the  depression  of  a 
boat  at  sea  is  18°.     What  is  the  distance  of  the  boat  from  the  foot  of  the  cliff? 

3.  From  a  boat  1250  ft.  from  the  base  of  a  vertical  cliff,  the  elevation  of  the  top 
of  a  cliff  is  observed  to  be  15°.     Find  the  height  of  the  cliff. 

4.  The  shadow  of  a  tree  is  37  ft.  long  when  the  elevation  of  the  sun  is  39°. 
What  is  the  height  of  the  tree  ? 

6.  From  a  point  A  the  elevation  of  the  top  of  a  chimney  is  27°.  From  B  it  is 
14°.  BA  =  120  ft.,  and  is  horizontal,  in  the  same  straight  line  with  the  foot  of  the 
chimney.  Find  the  height  of  the  chimney. 

6.  From  a  point  A  on  the  bank  of  a  river,  a  post  further  down  the  stream  on  the 
opposite  side  is  seen  in  a  direction  making  an  angle  of  58°  with  the  bank.     From  a 
point  B,  72  ft.  up  the  stream,  the  post  is  seen  in  a  direction  making  an  angle  of  35° 
with  the  bank.     The  banks  are  straight  and  parallel.     Find  the  width  of  the  river. 

7.  From  the  lower  windows  of  a  building,  which  are  15  ft.  above  the  ground,  the 
elevation  of  a  balloon  is  56° ;  from  an  upper  window,  92  ft.  above  the  first,  the 
elevation  is  48°.     What  is  the  height  of  the  balloon  above  the  ground? 

8.  Observations  to  find  the  height  of  a  mountain  are  taken  at  two  points,  A  and 
B,  3521  ft.  apart,  at  the  same  level,  and  in  the  same  vertical  plane  with  the  top ;  the 
elevation  of  the  top  at  A  is  54°,  and  at  B  37°.     Find  the  height  of  the  mountain. 

9.  From  a  milestone  on  a  straight  road  going  from  E.  to  W.,  a  distant  church 
tower  is  seen  in  a  direction  10°  W.  of  N.     From  the  next  milestone  it  is  seen  in  a 
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direction  15°  E.  of  N.     Find  the  shortest  distance  from  the  church  to  the  road,  and 
the  distance  from  the  church  to  the  first  milestone. 

10.  There  is  a  district  in  which  the  surface  of  the  ground  may  be  regarded  as  a 
sloping  plane  ;  its  actual  area  is  3*246  sq.  miles.  It  is  shown  on  the  map  as  an  area 
of  2^875  S<1'  uiiles.  At  what  angle  is  it  inclined  to  the  horizontal  ? 

(Board  of  Education  Examination,  1904.) 

31.  EXAMPLE  (i).  —  From  a  telegraph  post  A,  a  house  appears  to  be  35°  W.  of  N. 
From  the  next  telegraph  post  B,  the  house  appears  to  be  20°  IV.  of  N.     If  the  line  BA 
is  88  yds.  long  in  a  direction  10°  W.  of  N.,  find  the  distance  of 
the  house  from  A. 

Let  C  be  the  position  of  the  house.     We  require  to  find  AC. 

In  the  triangle  ABC  we  have  the  side  AB  equal  to  88  yds. 
We  shall  find  the  angles  ACB  and  CBA,  and  then  solve  the 
triangle  by  the  formula  (I),  p.  26. 

We  have  ABC  =  20°  -  10°  =  10° 
CAB  =  155° 
BCA  =  180°  -  CAB  -  ABC 

=  180°-  155°-  10°  =  15° 

CA  _  sin  ABC  _  sin  10° 
AB      sin  BCA  ~  !,in  15° 
.    _  .  _  AB  sin  ip^  _  88  X  0-1736 
•*  U  sin  15°  0-2588 

log  88  =  _T9445 
log  0-1736  =  1-2395 

1-1840 
log  0-2588  =  1-4130 

log  AC  =  i  '77  10  =  log  59-02 
.*.  AC  =  59  "O2  yds. 

EXAMPLE  (2).  —  At  a  point  C  the  elevation  of  the  top  of  a  tower  is  51°.  At  a  point 
D  on  the  side  of  a  hill,  in  the  same  vertical  plane  as  C  and 
the  tower,  the  elevation  of  the  top  is  72°.  The  slope  of  the 
hill  from  C  through  D  to  the  foot  of  the  tower  is  20°  to 
the  horizontal,  and  the  distance  CD  AT  52  ft.  Find  the 
height  of  the  tower, 


FIG.  28. 


Let  AB  be  the  tower  of  height  h. 
Then  the  angle  CAB  =  90°  -  5  1°  =  39° 
the  angle  DAB  =  90°  -  72°  =  18° 


CB 

h 
DB 

i 


sin  CAB  _  sin  39 

sin  BCA  ~~ 
sin  DAB 


sin  31°' 
sin  1 8° 


CB  = 


DB  = 


A  sin  39° 
sin  31° 

h  sin  18° 
sin  52° 


sin  BDA      sin  52° 
But  we  have  CB  -  DB  =  CD  =  52  ft. 

.   h  sin  39°  _  h  sin  18°  _ 
* "    sin  31°         sin  52° 

**      ~~  sin  39°  _  sin  18° 
sin  31°      sin  52° 


FIG. 


0-6293  _  0-3090 
0-5150     0-7880 


_ 
-8298 
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log  0-6293  =  j:  7989 
1  .-0-5150=  17118 


log  0-3090  =  r49oo 
log  0-7880  =  1-8965 


0-0871 

Ipg  1-2220 
0-3922 


1-5935 

1°.='  0-3922 


0-8298 

log  52  =  £-7160 
log  0-8298  =  1-9190 

log  h  =  17970  =  log  62-66 
/.  h  =  62-66  ft. 

EXAMPLE  (3). — The  top  P  of  a  hill  is  observed  from  two  points  A  and  B,  2150  ft, 

apart.     The  elevation   of  P  at  A  iz  30°.      The 

p  angles   PAB    and   PBA   are  71°   and  62°  re- 

spectively.    Find  the  height  of  the  hill  above  the 
level oj "A. 

In  the  triangle  APB  we  have  given  two 
angles  and  the  base  AB  ;  by  the  sine  formula 
we  can  find  the  side  AP  ;  from  this  and  the 
angle  PAN  we  find  the  height  PN  =  h. 

The  angle  APB  =  180°  -  71°  -62°=  47°. 

In  the  triangle  APB 


AP 
AB 


sin  PBA 
sin  APB 


FIG.  30. 


Also  in  the  triangle  APN 


.        .  _ 
4 -AP 


.  _  _  AB  sin  PBA  _  2150  X  sin  62° 
sin  APB  sin  47° 


^  =  sin  PAN  =  sin  30° 
0  _  2150  .  sin  62°  .  sin  30° 

_  2150  X  0*8829  X  Q'5  _  2150  X  0-4415 

073H  0-7314 

log  2150  =  3-3324 
log  0-44 1 5  =  1-6449 

.2-9773 
log  0-7314  =  1-8641 

log  h  =  3- 1 132  =  log  1298 
/.  h  -  1298  ft. 


EXAMPLES.— XVI. 

1,  From  a  milestone  on  a  straight  road  going  from  S.  to  N.,  the  direction  of  a 
church  tower  appears  to  be  48°  \V,  of  N.  From  the  next  milestone  the  tower  is  seen 
in  a  direction  63°  W,  of  S,  Find  the  distance  of  the  church  tower  from  the  first 
milestone,  and  the  shortest  distance  between  the  church  tower  and  the  road. 

If  the  elevation  of  the  top  of  the  tower  from  the  first  milestone  is  2°,  find  its 
height. 

TL.  A  tow-r,  PQ,  stands  on  a  hill  which  is  inclined  to  the  horizontal  at  an  angle 
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of  16°.  At  two  points,  A  and  B,  on  the  side  of  the  hill,  and  in  the  same  vertical 
plane  as  the  top  of  the  tower,  the  elevations  of  the  top  of  the  tower  are  65°  and  79°. 
AB  =  121  ft.  Find  the  height  of  the  tower. 

3.  A  tree  stands  on  the  top  of  a  hill  which  has  a  uniform  slope  of  9°  to  the 
horizontal.     At  points  A  and  B  on  the  hill,  in  the  same  vertical  plane  as  the  tree, 
the   elevations  of  the  top  of  the  tree   are  found  to  be  62°  and  72°  respectively. 
AB  =v  13-2  ft.      Find  the  height  of  the  tree. 

4.  Observations  to  find  the  height  of  a  mountain  are  taken  at  two  stations,  A  and 
B,  3521  ft.  apart.     The  elevation  of  the  top  P  at  A  is  54°.     The  angles  PAB  and 
PBA  are  65°  and  41°  respectively.     Find  the  height  of  the  mountain. 

5.  Find   the   height   in   a  similar  case  to  that  of  the  last  example,  when  AB 
=  7251  ft.,  elevation  of  P  at  A  is  43°,  PAB  =  35°,  PBA  =  49°. 

6.  Find  the  height  when  AB  =  4635  ft.,  elevation  of  P  at  A  is  38°,  PAB  =  65°, 
PBA  =  82°. 

7.  Find  the  height  when  AB  =  5321  ft.,  elevation  of  P  at  A  is  45°,  PAB  =  67°, 
PBA  =  73°. 

8.  Find  the  height  when  AB  =  i32i  ft.,  elevation  of  P  at  A  is  46°,   PAB  =  61°, 
PBA  =  75°. 

9.  In  a  survey  it  is  required  to  continue  a  straight  line,  AB,  past  an  obstacle  ;  a 
line,  BD,  100  yds.  long  is  measured  at  right  angles  to  AB.     From  D  the  lines  DP 
and  DQ  are  set  off  so  that  BDP  =  46°,  BDQ  =  59°.     Find  the  lengths  of  DP  and 
DQ,  so  that  PQ  may  be  in  the  same  straight  line  with  AB. 

10.  Slieve  Donard  is  seen  from  Skiddaw  in  a  direction  16°  S.  of  W.,  and  from 
Snowdon  in  a  direction  46°  W.  of  N.    If  the  distance  in  a  straight  line  from  Skiddaw 
to  Snowdon  is  118  miles  in  a  direction  18°  W.  of  S.,  find  the  distance  from  Skiddaw 
to  Slieve  Donard,  and  from  Snowdon  to  Slieve  Donard. 

11.  A  base  line  AB  is  measured  in  a  direction  N.  to  S.,  and  found  to  be  125  yds. 
long.     A  church  tower  appears  in  a  direction  60°  W.  of  S.  from  A,  and  70°  W.  of 
N.  from  B.     Find  the  distance  of  the  church  tower  from  B. 

12.  A  is  a  pier-head,  L  is  a  lighthouse,  AL  is  known  to  be  2'5  miles  in  a  direction 
due  N.    A  ship  sails  from  A  to  C  in  a  north-easterly  direction.     At  C  the  lighthouse 
appears  in  a  direction  80°  W.  of  N.     How  far  has  the  ship  sailed  from  A  to  C  ? 
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32.  Sine  of  the  Sum  of  Two  Angles. — It  is  a  common  mistake  of  beginners 
to  think  that  the  sine  of  the  sum  of  two  angles  is  equal  to  the  sum  of  their 
sines.  It  is,  of  course,  obvious  from  the  geometrical  definition  of  a  sine  that 
this  is  not  so.  Also,  taking  a  numerical  example,  we  find  from  the  tables 
that 

sin  10°  =  0*1736,  sin  30°  =  o'jooo 
.*.  sin  10°  +  sin  30°  =  o  6736,  while  sin  40°  =  0*6428 


We   require   then   to  find    an   expression 
trigonometrical  ratios  of  A  and  B  are  given. 


for    sin   (A  +  B)    when   the 


33.  To  prove  that  sin  (A  +  B)  =  sin  A  cos  B  +  cos  A  sin  B. 

Let  A  and  B  be  any  acute  angles. 
Construct  the   angles   ROP  and  ROQ 
equal  to  A  and  B  respectively  on  opposite 
sides  of  the  straight  line  OR. 

A  -V  Draw  PRQ  perpendicular  to  OR. 

J>  Let  OP  =  p,  OR  =  r,  OQ  =  q. 

Then  A  OPQ  =  A  OPR  +  A  ORQ 

£  pq  sin  (A  +  B)  =  \pr  sin  A  +  \  rq  sin  B 

sin  (A  +  B)  =  -sin  A  +  T sin  B 
q  p 

=  sin  A  cos  B  +  cos  A  sin  B     (i) 

34.  To  prove  that  sin  (A  —  B)  =  sin  A  cos  B  —  cos  A  sin  B. 

Let  A  and   B  be  acute  angles,  A  being 
greater  than  B.     Construct  the  angles  ROP 
and  ROQ  equal  to  A  and  B  respectively  on 
D\  TV.  l^e  same  side  of  the  straight  line  OR. 

'  -     X  ^xP  Draw  PQR  perpendicular  to  OR. 

-"  A  \  a  ^^  Let  OP  =  /,  OQ  =  ?,  OR  =  r. 

Then  A  OPQ  =  A  OPR  -  A  OQR 

|  Pq  sin  (A  -  B)  =  \pr  sin  A  -  \  qr  sin  B 

f  f 

sin  (A  —  B)  =  -  sin  A  —  —sin  B 
q  p 

=  sin  A  cos  B-cos  A  sin  B    (2) 


FIG.  32. 


85.       cos  (A  +  B)  =  cos  A  cos  B  —  sin  A  sin  B  . 
cos  (A  —  B)  =  cos  A  cos  B  +  sin  A  sin  B . 


(3) 
(4) 


B 
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Let  A  and  B  be  acute  angles.  Then  the  complement  of  A  will  also  be 
acute,  and  in  the  formulas  for  sin  (A  +  B)  we  may  write  the  complement 
(90°  —  A)  instead  of  A.  We  get 

sin  (90°  -  A  +  B)  =  sin  (90°  -  A)  cos  B  +  cos  (90°  -  A)  sin 
.*.  sin  {90°  —  (A  —  B)}  =  cos  A  cos  B  +  sin  A  sin  B 
that  is,  cos  (A  —  B)  =  cos  A  cos  B  +  sin  A  sin  B 

since  any  trigonometrical  ratio  of  an  angle  is  equal  to  the  co-ratio  of  its 
complement.     Similarly 

sin  (90°  -  A  -  B)  =  sin  (90°  -  A)  cos  B  -  cos  (90°  -  A)  sin  B 
that  is,  cos  (A  +  B)  =  cos  A  cos  B  -  sin  A  sin  B 

Note  that  these  formulas  have  not  yet  been  proved  for  any  values  of  the 
angles  A  and  B,  but  only  for  the  case  when  the  angles  A  and  B  are  acute. 
A  general  proof  for  any  values  of  A  and  B  will  be  given  in  Chapter  XXI., 
on  Vector  Algebra. 

EXAMPLE. — To  verify  the  formula  for  sin  (A  —  B)  for  Vie  case  when  A  =  83°, 
B  =  39°,  by  computation  from  the  tables. 

sin  (A  —  B)  =  sin  A  cos  B  —  cos  A  sin  B 

When  A  =  83°,  B  =  39°,  this  becomes 

sin  44°  =  sin  83°  cos  39°  -  cos  83°  sin  39° 

=  0-9925  X  0*7771  —  0*1219  X  0-6293 
=  0*7713  —  0*0767  =  0*6946 

log  0*9925  =  1*9967  log  0*1219  =  £'0860 

log  0-7771  =  1*8905  log  0-6293  =  I  '7989 

log  0*7713  ="1*8872  log  0-0767  =  2-8849 

From  the  tables  we  find  sin  44°  =  0*6947. 

tan  A  +  tan  B 
36.  Tan  (A  +  B)  =  -          —r-r  —5- 

i  —  tan  A  tan  B 

We  have 

,    D,       sin  (A  +  B) 
tan  (A  +  B)  =  cos  /A  +  B\ 

_  sin  A  cos  B  +  cos  A  sin  B 
"~  cos  A  cos  B  —  sin  A  sin  B 

Dividing  the  numerator  and  denominator  of  this  fraction  by  cos  A  cos  B, 
we  get 

sin  A  ,  sin  B 

/  A    ,    o\         cos  A      cos  B 

tan  (A  +  B)  = 


_  sin  A    sin  B 
cos  A    cos  B 

tan  A  +  tan  B  ,  % 

I  —  tan  A  tan  B 
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C'         "I          1  /A  DN  S'n    (A    —     B) 

Similarly  tan  (A  -  B)  =  cogV(A_B) 

_  sin  A  cos  B  —  cos  A  sin  B 
cos  A  cos  B  +  sin  A  sin  B 
sin  A  _  sin  B 
cos  A      cos  B 


,  sin  A    sin  B 
cos  A " cos  B 

—    tan  A  —  tan  B  .  ,,. 

i  +  tan  A  tan  B 


37.  The  following  examples  are  important  in  the  study  of  oscillations 
in  mechanics : — 

EXAMPLE  (l). — Let  x  =  a  sin pt  -f-  b  cos  pt  for  any  value  of  t  where  a,  b,  ancT p  are 
constant  numbers ;  show  that  this  is  the  same  as  x  =  A  sin  (pt  +  g)  if  the  values  of  A 
and  g  are  properly  chosen. 

(Board  of  Education  Examination,  1901.) 

We  have  A  sin  (pt  +  g )  =  A  cos  g  sin//  +  A  sin  g  cos//. 

To  make  this  the  same  as  a  sin  /.'  +  b  cos  pt  for  any  value  of  /,  we  must  choose  A 
and  gy  so  that 

A  cos  g  =  a  ;  A  sin  g  =  b 

Construct  a  right-angled  triangle  whose  base  is  a  and 
height  b. 

Let  its  hypotenuse  be  equal  to  A,  and  the  angle  at  the 
base  be  equal  to  g.  Then,  evidently 

a  —  A  cos  g,  b  =  A  sin  g 

Therefore  A   and  g  have    been   chosen    to  satisfy 
&  the  condition  (l),  and,    with  these  values  of  A  and  g, 

FIG.  33.  a  sin  pt  +  b  cos  //  is  the  same  as  A  sin  (pt  +  g)  for  any 

value  of  t. 
To  calculate  A  and  g  we  have 


EXAMPLE  (2). — To  express  x  =  3  sin  $t  +  7  cos  Af  in  the  form  A  sin  (a,t  +  g). 


We  have  A  =  */9  +  49  =  7'6i6 

tan  g  =  I  =  tan  66'8° 
.*.  g  =  66*8°  =  i'i66  radians 
C.x  =  7'6i6  sin  (4/+  I'i66) 
Similarly,  if 

x  =  3  sin  4/  —  7  cos  4^ 
we  have  A  =  7-616  ;  tan  g  =  —  | j  =  —  tan  66 '8° 

.*.    if  we   take   the   numerically   smallest    angle   which   has    its    tangent    equal   to 

~  3»?=   ~  1>l66 

and  x  =  7-616  sin  (4*  —  ri66) 
The  reason  for  expressing  the  angle  (//  +  g)  in  radians  will  appear  at  a  later  stage. 
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EXAMPLES. — XVII. 

The  student  should  work  through  the  following  examples  in  verification,  in  order 
to  fix  the  formulae  of  this  chapter  in  his  memory,  and  also  to  gain  a  knowledge  of  the 
degree  of  accuracy  attainable  in  working  with  four-figure  tables. 

1.  Verify  from  the  tables  the  formulae  for  sin  (A  +  B)  and  sin  (A  —  B),  when 
A  =  60°,  B  =  30°. 

2.  Verify  the  formula  for  cos'(A  +  B)  for  the  case  when  A  =  15°,  B  =  31°. 

3.  Verify  the  formula  for  sin  (A  —  B)  for  the  case  when  A  =  37°,  B  =  34°. 

4.  Verify  the  formula  for  cos  (A  —  B)  for  the  case  A  =  42°,  B  =  43°. 

5.  Verify  the  formula  for  tan  (A  +  B)  when  A  =  12°,  B  =  15°. 

6.  Given  tan  (A  +  B)  =  2,  tan  A  =  0-5  ;  find  tan  B. 

7.  Given  sin  A  =  §,  sin  B  =  f  ;  find  sin  (A  +  B). 

8.  Given  sin  A  =  f£,  cos  B  =  £ °  .  find  sin  (A  +  B)  and  cos  (A  +  B).     Also 
construct  the  angles  A,  B,  and  A  +  B  ;  measure  their  sines  and  cosines,  and  verify 
from  the  measured  values. 

9.  Given  tan  A  =  f ,  tan  B  =  fa ;  find  tan  (A  +  B). 

10.  Given  sin  A  =  ± ,  cos  B  =  if  ;  find  cos  (A  -  B). 

11.  Given  cos  A  =  £&,  sin  B  =  1\  ;  find  sin  (A  +  B)  and  tan  (A  +  B). 

12.  Given  sin  A  =  f  §,  tan  B   =^  ;  find  cos  (A  +  B). 

13.  Express  2  sin  2^  +  3  cos  zt  in  the  form  A  sin  (2t-\-g),  expressing  the  angle  g 
in  radians. 

14.  Express  3  sin  2t  —  2  cos  2t  in  the  form  A  sin  (2t  +  g). 

15.  Express  45  sin  (2-irnt)  +  28  cos  (2vnt)  in  the  form  A  sin  (2-rttt  +  g). 

i  o     T-  •     2irt  2irt  .  ( Zirl    .      \ 

16.  Express  35  sin  — 12  cos  —  in  the  form  A  sin  (  —  +  g  )• 

P  P  \  /          / 

17.  Given  tan  (A  —  B)  =  0*0893,  and  tan  A  =  0*4 ;  find  the  angle  B  to  the 
nearest  degree. 

18.  I  f  tan  6  =  —        —2-t  find  mt,  having  given  that  mt  =  1,  tan  0  =  | . 

I    ~r~   tfl-^fl^ 

38.  To  prove 

sin  2A  =  2  sin  A  cos  A 
cos  2A  =  cos2  A  —  sin2  A 

2  tan  A 

tan  2A  =  ^ —    — Y- 
1  —  tan2  A 

If  in  the  equation 

sin  (A  +  B)  =  sin  A  cos  B  +  cos  A  sin  B 
we  put  B  =  A,  we  get 

sin  (A  +  A)  =  sin  A  cos  A  +  cos  A  sin  A 
or  sin  2A  =  2  sin  A  cos  A (7) 

If  in  the  equation 

cos  (A  +  B)  =  cos  A  cos  B  —  sin  A  sin  B 
we  put  B  =  A,  we  get 

cos  (A  +  A)  =  cos  A  cos  A  —  sin  A  sin  A 
or  cos  2A  =  cos2  A  —  sin2  A (8) 

This  gives  cos  2A  in  terms  of  cos  A  and  sin  A. 
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To  find  cos  2A  in  terms  of  cos  A  only,  we  have 

sin2  A  =  i  —  cos2  A 
.".  cos  2A  =  cos2  A  —  (i  —  cos2  A)  =  2  cos2  A  —  I       .     .     (9) 

To  find  cos  2A  in  terms  of  sin  A,  we  have 

cos2  A  =  i  —  sin2  A 

cos  2A  =  (i  —  sin2  A)  —  sin2  A  =  I  —  2  sin2  A    .     .     .  (10) 

If  in  the  relation 

tan  A  +  tan  B 


tan  (A  +  B)  = 


I  —  tan  A,  tan  B 


we  put  B  =  A,  we  get 


2  tan  A  .     . 

tan  2A  -  -      — 5-7. (u) 

i  -  tan2  A 


If  in  the  relation 

cos  2A  =  2  cos2  A  —  i  =  I  —  2  sin2  A 

A  , 
we  write  —  for  A,  we  get 

2 

A  A 

cos  A  =  2  cos2 1  =  1—2  sin2  —       ....     (12) 

2  2 

These  equations  enable  us  to  find  the  cosine  or  sine  of  the  half  of  an 
angle  when  the  cosine  of  that  angle  is  given. 

EXAMPLE  (i). —  To  find  the  sine  and  cosine  of  80°,  having  given  the  sine  and  cosine 
0/40°. 

sin  40°  =  0-6428  ;   cos  40°  =  07660 
.*.  sin  80°  =  2  sin  40°  cos  40°  =  2  X  0-6428  X  0-7660  =  0*9847 

From  the  tables  sin  80°  =  0-9848. 

cos  80°  =  2  cos2  40°  -  I  =  2(0-7660)*  -  i  =  I-I735  -  *  =  0-1735 
By  the  tables  cos  80°  =  0-1736.  ' 


EXAMPLE  (2). — Given  tan  45°  =  I,  find  tan  90°. 

tan  9< 
which  agrees  with  §  17. 


_          2  tan  45°         2 
tan  90°  =  tan  (2  x  45°)  =  t  _  tan,  45°  =  o  =  *> 


EXAMPLES.— XVIII. 

1.  Calculate  the  values  of  the  sine  and  cosine  of  60°  by  the  formulae  of  this 
paragraph,  having  given  sin  30°  =  0-500,  cos  30°  =  o'S66. 

2.  Calculate   the  values   of  the  sine  and  cosine  of  56°,  having  given  sin  28° 
=  0-4695,  cos  28°  =  0*8829,  and  compare  your  results  with  the  tables. 

3.  Given  cos  A  =  0*4,  calculate  cos  zA. 

4.  Given  cos  A  =  0*3,  calculate  sin  2A. 

6.  Given  sin  A  =  §,  find  sin  2A,  cos  2A,  tan  2A.     Verify  your  result  by  con- 
structing the  angles  A  and  2A,  and  finding  the  sine  and  cosine  of  2A  by  measurement. 
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6.  Given    tan    A  -  J|,    calculate    tan    2A,    and    verify    by    construction    and 
measurement. 

7.  Given  tan  A  =  0-25,  calculate  tan  aA. 

8.  Given  sin  45°  =  ^=,  calculate  cos  90°. 

V2 

9.  Given  sin  A  =  0*85,  calculate  cos  2A  and  sin  2A,  and  verify  by  construction. 

10.  Given  sin  A  =  §,  calculate  sin  2  A,  cos  2A,  and  tan  2A. 

11.  Given  cos  A  =  07,  find  sin  2A  and  cos  2A. 

12.  Express  a  cos  (2*-«/)  +  b  cos  (4*nt)  in  terms  of  cos  (2ir«/). 

13.  Given  cos  66°  =  0*40167,  calculate  cos  33°  and  sin  33°  by  formula  (12),  and 
compare  with  the  tables. 

14.  If  A  is  an  acute  angle,  and  cos  A  =  0*28,  calculate  cos  —  . 

A 

15.  If  A  is  an  acute  angle,  and  cos  A  =  o'68,  calculate  sin  —  . 

A  A 

16.  If  sin  A  =  ||,  and  A  is  acute,  calculate  sin  —  and  cos  —  ,  and  verify  by 

construction  and  measurement. 

39.  To  express  the  Sum  or  Difference  of  two  Sines  or  Cosines  as 
a  Product.  —  The  following  results  have  been  proved  :  — 

sin  (A  +  B)  =  sin  A  cos  B  +  cos  A  sin  B 
sin  (A  —  B)  =  sin  A  cos  B  —  cos  A  sin  B 
cos  (A  +  B)  =  cos  A  cos  B  —  sin  A  sin  B 
cos  (A  —  B)  =  cos  A  cos  B  +  sin  A  sin  B 

By  addition  and  subtraction  we  get 

sin  (A  +  B)  +  sin  (A  —  B)  =  2  sin  A  cos  B 
sin  (A  +  B)  -  sin  (A  -  B)  =  2  cos  A  sin  B 
cos  (A  +  B)  +  cos  (A  -  B)  =  2  cos  A  cos  B 
cos  (A  +  B)  —  cos  (A  -  B)  =  —2  sin  A  sin  B 

LetA  +  B  =  P,A-B  =  Q 
Then  2A  =  P  +  Q  ,  A  =  ^~9 

2 

26  =  P  -  Q,  B  =  P-^-9 

And  the  above  formulae  become 


P       I       Q  p    _    f\ 

sin  P  +  sin  Q  =  2  sin  --  —  .  cos  -  — 

2  2 

P  +  Q  p  _  Q 

sm  P  -  sin  Q  =  2  cos  -  —  .  sin  -  — 
cos  P  +  cos  Q  =  2  cos 


2  2 

I 


2 

P  +  O          P  —  O 

cos  P  —  cos  Q  =  —  2  sin  -  —  .  sin  -  — 

2  2 

These  formulae  are  important,  and  should  be  remembered. 
They  may  be  expressed  in  words  as  follows  :  — 

Sum  of  two  sines  =  twice  sin  (half-sum)  •  cos  (half-difference)  .     (13) 

Difference  of  two  sines  =  twice  cos  (half-sum)  •  sin  (half-difference)  .     (14) 

Sum  of  two  cosines  =  twice  cos  (half-sum)  •  cos  (half-difference)  .     (15) 

Difference  of  two  cosines  =  —  twice  sin  (half-sum)  •  sin  (half-difference)  (16) 
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NOTE. —  In  finding  the  difference  in  the  above  formulae  it  is  understood  that  the 
two  angles  are  taken  in  the  same  order  on  both  sides  of  the  equation  ;  eg.  if  we  put 
cos  P  before  cos  Q  in  finding  the  difference  of  two  cosines  in  formula  (16),  we  must 
also  put  P  before  Q  in  finding  the  sine  of  half  the  difierence. 

EXAMPLE — To  express  sin  15°  —  sin  li°  as  a  product. 

15°+  11°  .     15°-  11° 
sin  15°  —  sm  1 1°  =  2  cos  — — sm  -* — 

2  2 

=  2  cos  13°  sin  2° 

To  verify  this  we  have,  substituting  the  values  from  the  tables, 

sin  15°  —  sin  11°  =  0-2588  —  0*1908  =  o'o6So 
2  cos  13°  sin  2°  =  2  x  0-9744  X  0-0349  =  0-0680 

EXAMPLE. —  To  express  cos  11°  —  cos  17°  as  a  product. 

.    li°  +  17°  .     n°  -  17° 
cos  1 1°  —  cos  17°  =  —  2  sin  —      — —  sin  — 

2  2 

=  —  2  sin  14°  sin  (-  3°) 
=  2  sin  14°  sin  3° 

To  verify  we  have,  from  the  tables, 

cos  n°  —  cos  17°  =  0-9816  —  0-9563  =  0-0253 
2  sin  14°  sin  3°  =  2  X  0-2419  x  0*0523  =  0*0253 


EXAMPLES. — XI X. 

Express  the  following  as  products,  and  verify  by  the  tables  : — 

1.  Sin  65°  +  sin  58°.  2.  Sin  74°  -  sin  46°.  3.  Sin  45°  -  sin  77°. 

4.  Cos  16°  -  cos  54°.  5.  Cos  47°  -  cos  19°.  6.  Cos  39°  +  cos  27°. 

7.  Cos  155°  + cos  20°.  8.  Cos  200°  —  cos  135°.         9.  Sin  210°  —  sin  135°. 

10.  Sin  300°  +  sin  200°.       11.   Cos  400°  —  cos  200°. 

12.  Prove  that  cos  105°  +  cos  15°  =  cos  45°. 

13.  Prove  that  sin  45°  +  sin  15°  =  cos  15°. 

14.  Prove  that  sin  3A  +  sin  5A  =  2  sin  4A  cos  A. 

15.  Prove  that  cos  3A  =  cos  A  —  2  sin  A  sin  2A,  and  verify  from  the  tables  for 
the  case  when  A  =  20°. 


40.  To  express  the  Product  of  Two  Sines  or  Cosines  as  a  Sum  or 
Difference. — Reversing  the  equations  obtained  in  the  last  paragraph,  we 
get 

2  sin  A  cos  B  =  sin  (A  +  B)  +  sin  (A  —  B) 
2  cos  A  sin  B  =  sin  (A  +  B)  -  sin  (A  -  B) 
2  cos  A  cos  B  =  cos  (A  +  B)  +  cos  (A  —  B) 
2  sin  A  sin  B  =  cos  (A  -  B)  -  cos  (A  +  B) 

These  relations  may  be  expressed  in  words  as  follows : — 

Twice  the  product  of  a  sine  and  cosine  =  sin  (sum)  +  sin  (difference)     (17) 

Twice  the  product  of  two  cosines  =  cos  (sum)  +  cos  (difference)    (18) 

Twice  the  product  of  two  sines  =  cos  (difference)  —  cos  (sum)    (19) 

Note  that  the  first  of  these  statements  includes  the  two  equations  above, 
giving  2  sin  A  cos  B,  and  2  cos  A  sin  B,  if  it  is  understood  that  in  finding  the 
difference  A  —  B  or  B  —  A,  we  take  the  angles  in  the  same  order  as  that 
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in  which  they  occur  on  the  left-hand  side  of  the  equation.  —  sin  (A  —  B)  in 
the  second  equation  above  is  then  equal  to  sin  (B  —  A)  ;  i.e.  it  is  equal  to 
the  sine  of  the  difference  between  the  two  angles. 

EXAMPLE. —  To  express  sin  31°  cos  45°  as  a  sum  or  difference. 

By  (17)  sin  31°  cos  45°  =  j{sin  (31°  +  45°)  +  sin  (31°  -  45°)} 
=  |(sin  76°  -  sin  14°) 

To  verify  t'nis  we  find,  from  the  tables, 

sin  31°  cos  45°  =  0*5150  X  07071  =  0*3642 
J{sin  76°  —  sin  14°}=  £(0-9703  —  0-2419)  =  0-3642 


EXAMPLES. — XX. 
Express  each  of  the  following  as  a  sum  or  difference,  and  verify  by  the  tables. 

1.  Sin  45°  cos  31°.  2.  Sin  50°  sin  30°.  3.  Sin  25°  sin  45°. 

4.  Cos  25°  cos  54°.  5.  Cos  62°  cos  35°.  6.  Sin  15°  cos  54°. 

7.  Sin  123°  cos  54°.  8.  Cos  142°  sin  60°.  9.  Sin  115°  sin  170°. 
10.  Cos  200°  cos  300°. 


11.  Express  as  a  sum  or  difference  a  sin^V .  b  sin  (  pt  -\ —  )• 


12.  Express  sin  2irnt  sin  (zient  +  g)  as  a  sum  or  difference,  and  verify  numerically 
for  the  case  n  =  10,  /  =  O'Oi,  g  =  0*3491  radian. 


CHAPTER   V 
USE   OF  FORMULA 

41.  IT  is  one  of  the  objects  of  an  exact  science  to  express  the  connection 
between  different  physical  quantities  by  means  of  formulae,  and  a  great  part 
of  the  practical  work  of  applied  science  consists  in  the  evaluation  of  such 
formulas.  In  carrying  out  any  particular  calculation  we  have  to  notice  (i) 
the  degree  of  accuracy  with  which  the  data  are  given  ;  (2)  the  degree  of 
accuracy  in  the  result  needed  for  the  purpose  m  hand.  It  is  evidently 
meaningless  to  carry  out  a  calculation  to  more  significant  figures  tha'n  the 
accuracy  of  the  data  will  warrant,  while  it  is  a  waste  of  time  to  carry  it  out 
to  more  figures  than  are  needed.  It  is  a  common  fault  of  beginners,  while 
possibly  making  large  errors  in  the  magnitude  of  a  result,  to  be  unduly 
solicitous  about  carrying  out  the  calculation  to  a  large  number  of  significant 
figures. 

In  engineering  calculations  an  accuracy  to  three  or  four  significant 
figures,  such  as  can  be  obtained  with  a  good  lo-inch  slide  rule,  will  usually  be 
found  sufficient. 

As  accurate  numerical  working  is  extremely  important  in  applied  science, 
a  number  of  examples  in  the  evaluation  of  more  complicated  formulae  is  given 
in  this  chapter. 

The  degree  of  accuracy  aimed  at  is  that  which  can  be  secured  by  using  a 
table  of  four-figure  logarithms. 

EXAMPLE  (l).—  Calculate  the  value  of 


Having  given  that  z>2  =  10,  z>,  =  3,  n  -  0-9,  /2  =  3000,  and/,w,n  = 


we  have  W  =  3°°°^  io°9  (  ^  _  3,-1} 

log  io  =  I 

.*.  log  10°  fl  =  0*9  =  log  7  -943 
log  io0'1  =  o'i  =  log  1*259 

log  3  =  0-4771 
.'.  log  30'1  =  0-04771  =  log  i  -i  1  6 

/.  W  =  30000  X  7-943  (1-259  -  1-116) 
=  238290  x  0*143  =  34080 

EXAMPLE  (2).  —  Calculate  the  value  of  ae-**  sin  (nt  +  g) 

when  a  =  5,  k  =  44,  /  =  0-005,  n  —  1000,  g  =  1-2217 
The  angle  is  measured  in  radians. 

ae-1*  =  5  X  (2-7I8)-0"22 
log  2-718  =      0-4343 

—  O'22 
log  (27l8)-°-22  =   -0-09555  ="1-90445  =  log  0-8025 
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/.  of-**  =  5  x  0-8025  =  4*0125 
nt  +  g  =  (5  +  I  "22 1 7)  radians 

=  (5  X  57 '3  +  7°)  degrees  by  tables 
=  3.56-5° 
sin  (nt+g)  =  sin  (356-5°)  =  -  sin  3-5° 

=  —  0-06105 
log  4-0125  =^'6033 
log  0-06105  =  2-7857 

log  (4-0125  x  0-06105)  =  1*3890  =  log  0-2449 
/.  of-"  sin  (nt  +  g)  =  —  0-245 

EXAMPLE  (3). — 

f/<t>  =  1-0565  t°ge—^  +  9  x  io-' (-  -  502-96^  +  0-0902 

find  the  value  of  <f»  ivhen  t  =  393  "j  to  as  high  a  degree  of  accuracy  as  can  be  obtained 
with  four-figure  tables. 

Calculations  of  this  type  occur  in  many  problems  on  the  steam-engine. 

t  =  3937 
1-0565  log.  ^ '- 

log.3^37  261        3937 

K.  2737  ,1.  2?37 

logi.  3937  =  2-5952 
log,.  273-7  =  2-4373 

log,,  2Q1  _ 

,1» 


1-0565  log,  — —  =  1-0565  x  2-3026  x  0-1579 

log  1-0565  =  0*0238 
log  2-3026  =  0*3622 
log  0-1579  =1-1984 

log,/ 1 -0565  log,  — —  }  =  1-5844  =  log,.  0-3841 

.*.  1*0565  log,  — —  =  0*3841 (a) 

(P  \  (t  \ 

9  X  io-7(  -  -  502-96/1  =  9  X  io-f/I  -  -  502-96  J 

=  9  X  io-'  X  393-7(196-85  -  502-96) 
=  -3543*3  X  306-11  x  io-' 

log  3543-3  =  3-5494 
log  306*  11=  2*4858 

log  (3543*3  X  306-11)  =  6-0352  =  log  1085000 
/.  9  X  io-7(j-  502-96^=  -0-1085 (*) 

.*.  combining  (a)  and  (6) 

<f>  =  0-3841  —  0-1085  +  0-0902  =  0-3658 
,'.  <f>  =  0*366  to  3  significant  figures 
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The  student  who  has  not  had  much  practice  with  logarithms  will  find  that 
he  is  particularly  prone  to  make  arithmetical  mistakes  in  working  from 
complicated  formula?  of  this  kind  where  logarithms  occur  in  the  formula 
itself.  The  only  way  to  ensure  accuracy  is  to  set  out  every  step  of  the 
working  clearly,  so  as  to  show  every  figure  used  in  the  calculation  and  the 
reason  for  its  appearance.  This  process  may  seem  long,  but  it  will  be  found 
to  save  time  in  the  long  run. 

42.  Variation. — If  we  examine  the  graduations  on  a  spring  balance  we 
find  that  they  are  situated  at  equal  distances  apart.  If  we  alter  the  weight 
so  that  it  is  multiplied  by  any  number  »,  then  the  extension  of  the  spring,  as 
measured  from  its  length  when  no  weight  is  attached,  is  multiplied  by  the 
same  number  n.  We  describe  this  connection  between  the  two  variable 
quantities  by  saying  that  the  extension  varies  as  the  weight.  We  may 
express  this  fact  by  means  of  a  formula.  Suppose  we  find  that  the  divisions 
representing  successive  pounds  are  £  inch  apart,  then,  if  <?  be  the  number 
expressing  the  extension  of  the  spring  in  inches  when  supporting  a  weight 
W  Ibs.,  it  is  evident  that  e  is  always  numerically  equal  to  ^W  ;  i.e.  the 
equation  e  =  ^W  expresses  the  fact  that  e  varies  as  W. 

In  general,  if  A  varies  as  B,  we  may  write  A  =  £B  where  k  is  a  constant 
quantity,  which  does  not  change  as  A  and  B  vary  ;  in  the  above  example  the 
constant  k  is  \.  Simple  variation  such  as  this  is  the  simplest  way  in  which 
two  variable  quantities  can  be  connected  together,  but  there  are,  of  course, 
many  other  possible  modes  of  connection. 

If  we  enclose  a  portion  of  a  gas  in  a  tube  and  change  the  pressure  to 
which  it  is  subjected,  while  keeping  its  temperature  constant,  we  find  that,  if 
the  pressure  be  changed  so  that  its  value  is  multiplied  by  any  number  «,  then 
the  volume  is  changed  so  that  its  value  is  divided  by  the  same  number  n. 
We  describe  this  connection  by  saying  that  the  volume  varies  inversely  as 
the  pressure. 

It  may  be  expressed  in  a  formula  by  writing  V  =  ^,  for,  if  we  put  »P  for 

k       V 

P  in  this  equation,  V  becomes  — =-  =  -. 

«P       n 

Similarly,  if  a  variable  quantity  A  depends  on  two  variable  quantities  B 
and  C,  in  such  a  way  that  A  =  /&BC,  we  say  that  A  varies  jointly  as  B  and  C, 

or,  if  A  =  -£-,  we  say  that  A  varies  directly  as  B  and  inversely  as  C. 

The  sign  oc  is  used  to  denote  the  words  "varies  as,"  thus  "A  <x  B" 
means  "  A  varies  as  B." 

EXAMPLE  (i). —  The  volume  of  a  gas  varies  inversely  as  the  pressure  and  directly  as 
the  absolute  temperature.  Jf  a  certain  quantity  of  a  gas  measures  500  c.c.  at  temperatw  e 
13°  C.,  and  pressure  754  mm.>  -what  is  its  volume  at  pressure  784  mm.  and  temperature 
29°  C. 

The  absolute  temperature  T  is  obtained  by  adding  2737  to  the  temperature 
Centigrade. 

We  assume  v  =  —  where  R  is  some  constant 

When  T  =  2867,  and/  =  754,  we  have  v  =  500 

.'.  substituting  500  =  R  X  286'7 

754 

_  500  x  754 
2867 
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.*.  when  T  =  3027,  and/  =  784 

_  R  x  302  7  _  sco  x  754  X  30=7 

784  2867  X  7^4 

=  508  cc. 

EXAMPLE  (2).—  In  any  class  of  turbine  P  is  the  power  of  the  waterfall,  H  the 
height  of  the  fall,  and  n  the  raU  of  revolution.  It  is  kncnvn  that  for  any  particular 
class  oj  turbines  of  all  sizes  n  oc  H1"26  P-°5. 

In  the  list  of  a  fat  ticular  makt  r  I  take  a  turbine  at  random  for  a  fall  of  f>  ft., 
loo  H.  P.,  50  revolutions  per  minute.  By  means  of  this  I  find  that  I  can  calculate  nfor 
all  the  other  turbines  en  the  list. 

Find  nfor  a  fall  ofzoft.  and  75  H.P. 

(Board  of  Education  Examination,  1901.) 


We  have  «  = 

When  11  =  6  and  P  =  100,  «  =  50 

/.  50  =  k  .  6112S  ioo-°'s  =  —  .  & 


when  II  =  20  and  P  =  75  we  have 
500  x  20'^ 
&™  x  V/l 

M-2B 


~ 


IOO     . 

=  -7-  •  f.3'333)1* 
V3 

log  3'333  =  0-5228 

sJ"1  =  I  log  3-333  =  0-6535 

log  V3  =  i  log  3  =  4(0-4771)  =  0-23855 

/,.,-ul-2S 

log  *  ^—  =  0-4149    =  log  2-599 

s/3 
.*.  »  =  260  to  3  significant  figures 


EXAMPLES. — XXI. 

1.  The  weight  of  a  cylinder  of  metal  varies  as  its  length  and  the  square  of  its 
diameter.     A  cylinder  lo  ins.  long  and  4  ins.  in  diameter  weighs  30  Ibs.  ;  find  the 
weight  of  a  cylinder  of  the  same  metal  12  ins.  long  and  6  ins.  in  diameter. 

2.  The  weight  of  a  sphere  varies  as  the  cube  of  its  diameter.     If  a  sphere  of 
diameter  5  ins.  weighs  16  Ibs.,  find  the  diameter  of  a  sphere  which  weighs  50  Ibs. 

3.  The  electrical  resistance  of  a  wire  varies  as  its  length,  and  inversely  as  the  area 
of  its  cross-section.     The  resistance  of  looo  yards  of  No.  7  copper  wire  of  cross- 
section  15-659  sq.  mm.  is  1x056  ohms  ;  find  the  resistance  of  I  mile  of  No.  10  wire 
of  cross-section  8-301  sq.  mm. 

4.  The  force  between  two  magnetic  poles  varies  jointly  as  their  strengths,  and 
inversely  as  the  square  of  the  distance  between  them.     If  two  poles  of  strengths  6  and 
10  units  repel  one  another  with  a  force  of  2'4  dynes  when  placed  5  cm.  aparl,  with 
what  force  will  two  poles  of  strengths,  5  and  12,  repel  one  another  when  placed 
7  cm.  apart? 

6.  The  heat  produced  in  a  conductor  of  resistance  R  when  a  current  of  strength  C 
passes  through  it  for  a  time  /,  varies  directly  as  (i)  the  square  of  the  current,  (2)  the 
resistance,  (3)  the  time.  A  current  of  5  amps,  was  sent  through  a  wire  of  10  ol  ms 
resistance  for  iwo  minutes,  and  the  heat  developed  was  found  lo  be  1 2,500  units.  Hi.v» 
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much  heat  is  developed  when  a  current  of  7  amps,  passes  through  a  resistance  of 
6  ohms  for  3  minutes  ?  How  much  heat  is  developed  when  I  atnp.  passes  through 
I  ohm  for  I  second  ? 

6.  If  a  number  of  sources  of  light  give  the  same  intensity  of  illumination  at  any 
point,  the  candle  power  of  any  source  varies  as  the  square  of  its  distance  from  that 
point.      A  photometer   screen   is   placed  between  a  standard   lamp   of  two-candle 
power  and  a  lamp  A  whose  candle-power  is  required,  so  that  the  intensity  of  the 
illumination  is  the  same  on  both  sides  of  the  screen.     If  the  screen  is  121  cm.  from 
the  standard  lamp,  and  354  cm.  from  A,  what  is  the  candle-power  of  A  ? 

7.  The  resistance  F  Ibs.  of  the  air  to  the  flight  of  a  bullet  of  diameter  d  inches  at 
velocity  v  ft.  per  sec.  may  be  taken  to  vary  as  d?  (v  —  800),  when  v  is  greater  than 
lioo.      Given  that  when  d  —  0*303  in.,  and  v  =  2000,    F  =  l'532  ;   find   F  when 
d  =  o-5  in.,  and  v  =  1500. 

8.  The  greatest  horse-power  that  can  be  transmitted  by  a  rope  on  a  certain  pulley 
varies  as  T1  s,  W~°'5,  where  T  is  the  greatest  tension,  and  W  the  weight  of  the  rope 
per  foot  of  length.     When  T  =  918  Ibs.,  and  W  =  0-36  Ibs.,  the  greatest  H.P.  trans- 
mitted is  42 '2  ;  find  a  formula  for  the  greatest  H.P.  transmitted  for  any  values  of  T 
and  W. 

9.  If  D  inches  is  the  deflection  in  the  middle  of  a  beam,  supported  at  the  ends 

WL1 
and  loaded  in  the  middle,  then  D  =  -£$  -=y-  where  W  =  load  in  Ibs.,  L  =  length 

(inches),  E  =  modulus  of  elasticity  of  beam  in  pounds  per  square  inch,  I  =  moment 
of  inertia  of  section. 

For  a  wrought-iron  bar  of  rectangular  section,  2  ins.  deep  and  I  in.  wide,  I  =  $, 
E  =  29  X  10*.  If  the  supports  are  5  ft.  apart,  find  the  deflection  caused  by  a  load 
of  2  tons. 

10.  With  the  same  data  find  the  modulus  of  elasticity  of  phosphor  bronze,  when 
it  is  found  that  a  bar  I  in.  wide  and  2  ins.  deep,  which  is  supported  at  two  points 
3  ft.  apart,  is  deflected  0*233  in.  in  the  middle  by  a  load  of  I  ton. 

11.  If  Q  is  the  maximum  quantity  in  cubic  feet  per  hour  of  gas  of  specific  gravity 
G,  which  can  be  supplied  through  pipes  of  diameter  D  inches,  and  length  L  yards, 
under  a  pressure  of  H  inches  of  water, 

D  oc  Q°'<(GLP  H-" 

It  is  found  that  a  pipe  of  diameter  I  in.,  and  length  10  yds.,  will  supply  298  c.  ft. 
per  hour  of  gas  of  specific  gravity  O'45,  under  a  pressure  of  0*4  in.  of  water.  Find 
the  maximum  quantity  in  cubic  feet  per  hour  of  gas  of  sp.  gr.  o'45,  which  can 
be  supplied  through  a  pipe  IOO  yds.  long  and  I '5  in.  diameter,  under  a  pressure  of 
075  in.  of  water. 

12.  Find  the  pressure  needed  to  supply  1067  cu.  ft.  per  hour  through  a  pipe 
5000  yds.  long  and  4  ins.  in  diameter  (sp.  gr.  =  o'45). 

13.  Calculate  the  value  of  (o*i352)-o<«  x  (cos  35°)°'31. 

tA     r*  i     i   *    *v         T          ,3-42  X  VZ'65  X  (1-02)* 

14.  Calculate  the  value  of  *-± — ^ — s -• 

cos  31° 


15.  Evaluate  //cos  31°  sin  12°  +  (log,,  15 1)1"8. 

_« 

16.  Find  the  value  of  oe    2  when  a  =  2,  e  =  2'7i8,  Ik  =  0*0036,  t  =  15. 

Calculate  the  value  of  ae ~u  sin  (nt  +  g)  for  the  following  cases  (the  angle 
(nt  +  g)  is  measured  in  radians) : — 

17.  a  =  6,  k  =  300,  n  =  500,  g  =  0*1222,  /  =  O'oi. 

18.  a  =  4,  k  =  300,  n  =  500,  t  =  o'ooi,  g  =  —  0*1341  radian. 

10.  a  =  6,  k  —  400,  n  =  1200,  g  =  —  0*5061  radian,  and  t  =  o'oi  and  o'ooi 
respectively. 

20.  T,  is  the  applied  force,  and  T2  the  pull  at  the  fixed  end  of  the  band-brake  of 
a  bicycle ;  x  is  the  length  of  the  band  in  contact  with  the  drum,  and  the  radius  of 
the  drum  is  2  ins.  j  /*  is  the  coefficient  of  friction  between  the  band  and  the  drum. 

*  M~ 

Then,  if  the  brake  is  fixed  so  that  the  drum  rotates  towards  the  fixed  end,  T4  =  T,  c  2» 
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r 

and  if  it  is  fixed  so  that  the  rotation  is  from  the  fixed  end,  T,  =  Tt  *"•"*.      The  brak- 
ing force   is  the  difference    between   T,  and  Tt.     If  x  =  10  ins.,   /*  =  0*54,    and 
T,  =  400  Ibs. ,  calculate  and  compare  the  braking  forces  in  the  two  cases. 
21.  Calculate  the  value  of 


=  T  log  («.  +  sW  -  I)".* 

Log  («,  +    V«l'  ~  I)-* 


where  2«,  =  2*31  ;  2»,  =  2*82. 

22.  Calculate  the  value  of  the  same  expression  when  2nt  =  2^14  ;  2w2  =  2*50. 

23.  Calculate  the  value  of 

L  =  (D +</){- +  0  +  _ 

\2  tan  A 

given  C  =  20,   D  =  6,  d  =  3,  Sin  9  = ^—  ;  0  is  measured  in  radians. 

24.  The  pressure  and  volume  of  the  steam  in  a  cylinder  follow  the  law  /&0'9  =  C. 
If/  =  6000  when  v  =  I,  calculate  the  values  of  /  when  v  has  the  values  2,  3,  and 

4  respectively. 

25.  If/t/1'13  =  C,  and/  =  100  when  v  =  I,  calculate  the  values  of  /  when  v  has 
the  values  2,  3,  and  4  respectively.' 

26.  If  the  pressure  /  in  Ibs.  per  square  inch,  and  the  volume  u  in  cubic  feet  of 
I  Ib.  of  saturated  steam,  are  connected  by  the  equation  /)w1'0646  =  479,  calculate  the 
volume  at  pressures  of  20,  100,  and  300  Ibs.  per  square  inch  respectively. 

27.  If  pm  =  p\  —    — ^— ,  find  the  values  of  /m  when  /,  =  100  for  the  following 

values  of  r ;  1*333,  T'S>  3»  8,  20. 

28.  Calculate  the  values  of 

sr~l  —  r~* 


when  /,  =  IOO,  j  =  0-9,  and  r  has  the  values  I  '333,  I  '$,  3,  8,  and  20. 

29.  Given p&  =  C,  and/>  =  I  when  v  =  I,  find  the  values  of  v  when  p  —  \^  and 
*  has  the  values  o'9,  I,  1*13  and  1*37  respectively. 

30.  Calculate  the  values  of  pm  from  the  formula  of  example  28,  when  /,  =  100, 
s  =  I  '0646,  and  r  has  the  same  values  as  in  example  28. 

31.  Calculate  the  value  of 


when  C  =  150,  n  =  —  1*13,  v2  =  10,  z1,  =  2. 
32/  Calculate  the  value  of 


when  C  =  147,  n  =  1*37,  vl  =  O'8,  »,  =  9. 
33.  Calculate  the  value  of 


when  /,  =  15,210,  r  =  5,  7  =  0*9,  /,  =  650,  A*/,?  =  A,  w,  =  2. 

34.  R  is  the  combined  resistance  of  resistances  rlt  rtl  rt,  rt  in  parallel. 


What  resistance  must  be  put  in  parallel  with  resistances  of  5  '3,  6'2,  and  7*1  ohms 
to  give  a  combined  resistance  of  i  '6375  ohms. 
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35.  Calculate  the  value  of 

5  +«) 

given  b  =  8,  a  =  0*062,   /  =  350. 
38.  Calculate  the  value  of 

Q  = 

having  given  g=  32-2,  3  =  ^  >4,  =  i^,  A2  =  1-5. 

37.  The  entropy  <p  of  one  pound  of  water  at  absolute  temperature  f  C.  is  given 
by  the  formula 

/  //*  \ 

<f>  =  1-0565  log,  —  -  +  9  x  io-  7Y  --  502  -96*  J  4-  0-0902 

Calculate  the  values  of  <t>  when  /  has  the  values  273-7,  3°3'7>  333'7»  363-7. 

38.  The  entropy  <£  of  one  pound  of  dry  saturated  steam  at  absolute  temperature 
(°  C.  is  given  by  the  formula 

*  =  105.  2-^r7  +  7-f-  0-695 
Find  the  value  of  <f>  when  /  =  413*7. 

39.  If  <j>  =  0-737  log*  —  +  2'875  X  io-6(/2  -  1096^)  +  0-648 

2  74 
calculate  <f>  when  t  =  500. 

40.  The  following  formulae  are  used  to  calculate  the  entropy  <f>  of  one  pound  of  air 
at  pressure/,  volume  v,  and  absolute  temperature/0  F.  :  — 

*  =  0-1688  log,  -        +  0-2375  log,       _ 


*  =  0-2375  log,        -0*0687102, 

*  =  0-1688  log.^  +  0-0687  log,  -^ 

p,  v,  and  /  are  connected  by  the  equation  pv  —  R/. 

If  R  =  53*2,  and  /=  6348,  when  v  =  6-195,  calculate  the  value  of  <f>  when 
v  =  6-195. 

41.  Also  calculate  /,  and  from  this  find  the  values  of  <j>  given  by  the  second  and 
third  formulae.  Verify  that  the  three  values  thus  found  are  the  same. 

43.  Compound  Interest.  —  To  find  a  formula  for  the  amount  £A.  of  ^P 
invested  for  n  years  at  r  per  cent,  per  annum,  compound  interest,  payable 
annually. 

At  the  end  of  the  first  year  each  £100  invested  has  become  ;£(ioo  +  r), 

and  therefore  each  /i  invested  has  become  /(  i  +  —  ).     Thus  the  amount 

*»\    T  ioo/ 

at  the  end  of  the  first  year  is  £\  i  +  7-  JP. 

\  I  OO  ' 

This  is  the  principal  for  the  second  year.  In  the  same  way  it  follows 
that  after  this  has  been  invested  for  another  year  it  becomes 


i.e.  the  amount  at  the  end  of  two  years  is 
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Similarly  the  amount  at  the  end  of  three  years  is 


And  the  amount  at  the  end  of  n  years  is 

'A  =0  - 


EXAMPLE. — Find  the  number  of  years  in  which  ,£400  will  amount  to  £600  at 
3  per  cent,  compound  interest. 

We  have  P  =  400,  r  =  3,  A  =  600  ;  to  find  «. 

600  =  (}$§)"  400 

Taking  logs  we  have 

n  log  (i -03)  =  log  1-5 

log  1-5       0-1761 

. .  »  =  p3 — '  =  — —d 

log  1-03      0-0128 

=  13-75  years 

EXAMPLES. — XXII. 

1.  Find  the  compound  interest  on  ^227  for  3^  years,  at  4J  per  cent,  per  annum. 

2.  Find  the  amount  of ,£1560  in  4  years,  at  2^  per  cent,  compound  interest. 

3.  What  is  the  compound  interest  on  ,£135  for  5  years,  at  3  per  cent.  ? 

4.  At  what  rate  per  cent,  would ,£140  gain  ,£20  in  12  years,  at  compound  interest? 

5.  How  long  will  it  take  j£loo  to  gain  ,£50  compound  interest,  at  2j  per  cent.  ? 

6.  At  what  rate  per  cent.,  compound  interest,  will  .£100  gain  ^£50  in  25  years  ? 

7.  How  long  will  it  take  ^129  to  gain  £13  at  5  per  cent,  compound  interest? 

8.  A  certain  rare  book  cost  i%J.  in  1620,  and  in  1900  was  worth  ^£100.     Was 
this  a  gain  or  loss  on  its  original  price,  supposing  that  the   i^d.  could  have  been 
invested  at  5  per  cent,  compound  interest.    Find  the  amount  of  the  gain  or  loss  to  the 
nearest  pound. 

9.  Find  a  formula  for  the  amount  of  ^£P  in  n  years  at  r  per  cent,  per  annum, 
simple  interest. 

10.  The  sum  of  £m  is  invested  in  r  per  cent,  stock  at  £n  per  £100  share.     Find 
a  formula  for  the  rate  of  interest  obtained  on  the  sum  invested.     Neglect  brokerage. 

11.  Find  a  formula  for  the  true  discount  D  on  a  bill  of  £A.  due  «  months  hence 
at  r  per  cent,  per  annum,  simple  interest. 

12.  Find  a  formula  for  the  difference  x  between  the  true  and  the  banker's  discount 
in  example  II. 

13.  The  present  value  of  an  annuity  of  £a  per  annum  for  «  years  at  r  per  cent, 
compound  interest,  is 


Find  the  present  value  of  an  annuity  of  ,£52  per  annum  for  20  years,  with  compound 
interest  at  3  per  cent. 

14.  Find  the  present  value  of  an  annuity  of  ^100  per  annum  for  30  years,  with 
compound  interest  at  2j  per  cent. 

15.  The  average  expectation  of  life  of  a  man  of  60  is  13  years.    What  life  annuity 
can  he  buy  for  ^1000  with  compound  interest  at  2j  per  cent.     Neglect  the  profits  of 
the  insurance  company. 
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16.  A  man  of  60  has  an  average  expectation  of  life  of  13  years  ;  what  will  it  cost 
him  to  buy  an  annuity  of  ^100  a  year  for  the  remainder  of  his  life  with  compound 
interest  at  2j  per  cent.  ? 

17.  y  is  the  cost  price  of  a  machine  which  will  last  n  years.     There  is  also  a 
more  durable  machine  which  will  last  N  years.     If  i  is  the  interest  on  £i  for  I  year 
expressed  as  the  decimal  of  a  pound,  the  price  x  which  may  be  paid  for  the  more 
durable  machine,  so  that  it  may  be  as  cheap  as  the  former  in  the  long  run,  is  given  by 
the  formula 


If"  a  machine  which  lasts  5  years  costs  j£i8o,  how  much  should  be  paid  for  a  machine 
which  will  do  the  same  work  and  last  20  years,  taking  interest  on  capital  at  4 
per  cent.  ? 


44.  Formulae  in  Mensuration.  —  The  following  list  of  formulae  in 
mensuration  is  given  here  for  reference,  the  proofs  of  the  simpler  formulae 
are  assumed  to  be  known  to  the  student,  proofs  of  others  will  be  given  at 
a  later  stage. 

The  references  are  to  the  proofs. 

Area  of  a  triangle  =  £(base)  x  (height) 
=    ab  sin  C 


—  a)(s  —  fy(s  —  c) 


(§29.) 


Area  of  a  trapezium  =  half  the  sum  of  the  parallel  sides  multiplied  by  the 
perpendicular  distance  between  them  =  h  •  —          —  . 


FIG-  34- 


B  A 

FIG.  35. 


In  particular  for  the  case  where  the  two  parallel  sides  are  perpendicular 
to  the  base  AB 

Area  =  (base)  x  (mean  height)  =  AB  x  ^-^  —  . 

Circumference  of  circle  of  radius  r  —  2*r 

Arc  of  a  circle  subtended  by  an  angle  of  0  radians  at  the  centre  =  rO 

Huygerts  Rule.  —  Length  of  arc  of  a  circle  =   **  ~  C  approximately 

where  /  =  chord  of  half  the  arc, 

C  «=  chord  of  whole  arc. 
Area  of  a  circle  «  wr8. 
Area  of  sector  of  a  circle 
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Area  of  segment  ABC  =  area  of  sector  OACB  —  area  of  triangle  OAB 

=  \r\0  -  sin  0). 

Area  of  segment  less  than  a  semicircle  =  — H  \ch  approximately, 
where  h  =  height  of  segment. 

c 


Area  of  curved  surface  of  right  circular  cylinder  =  1-xrh. 
Volume  of  right  circular  cylinder  =  Ttr^h.     . 

7.          j        £ 

Volume  of  frustum  of  cylinder  =  irr2-^  -  -• 

Volume  of  pyramid  =  J  (area  of  base)  X  (vertical  height) 
For  the  case  of  a  right  circular  cone  this  becomes  \trr^h 

=  $  (volume  of  cylinder  of  the  same  height  on  the  same  base)  .    §  199 


Volume  of  frustum  of  pyramid  =  -(A  + 


+  B) 


where  h  =  height  of  frustum,  and  A  and  B  are  the  areas  of  the  two 

parallel  faces 
For  the  frustum  of  a  cone  A  =  vr^  ;  B  =  irr22 

and  volume  =  — (rxs  +  r^  +  r22) §  199 

where  rl  and  r2  are  the  radii  of  the  parallel  circular  faces. 
Area  of  curved  surface  of  cone  =  ^(perimeter  of  base)  x  (slant  height) 

where  r  —  radius  of  base  and  /  =  slant  height. 
Area  of  curved  surface    of  frustum  of  cone  = 

*I(ri  +  rz)' 
Volume  of  sphere  =  far3 

where  r  —  radius  ..,.....§  199 
Area  of  surface  \ 
of  sphere        / 

=  area  of  curved  surface  of  cir- 
cumscribing cylinder 

Volume  of  zone  of  sphere  =  -f-{3(rlt  +  ra2)  +  A2} 

where  r^  and  r2  are  the  radii  of  the  circular  faces. 

For  the  case  rt  =  o  we  get  the  volume  of  a  segment 
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Surface  of  zone  of  sphere  =  2vrh  (where  r  =  radius  of  sphere) 

=  area  of  curved  surface  of  circumscribing  cylinder  of  the  same  height 


If  a  circle  of  radius  r  revolves  round  a  straight  line  in  its  plane,  so  that 
its  centre  traces  out  a  circle  of  radius  R,  the  solid  which  it  traces  out  is 
called  an  anchor  ring. 
Volume  of  anchor  ring  =  2wV2R 
Area  of  surface  of  anchor  ring  =  4ir2Rr .....§  210 


EXAMPLES.— XXIII. 

1.  What  is  the  diameter  of  a  circular  lake  whose  area  is  3  acres  ? 

2.  A  running  track  is  in  the  form  of  a  circular  ring.     Its  outside  diameter  is  350 
yds.,  and  it  is  6  yds.  wide.     What  is  its  area  ? 

3.  Find  the  area  of  a  sector  of  a  circle  of  radius  3  ft.,  and  angle  56°. 

4.  Find  the  area  of  a  sector  of  a  circle  of  radius  2  ft.,  and  angle  154°. 

5.  A  pyramid  stands  on  a  rectangular  base  2  ins.  by  3  ins.,  and  is  10  ins.  high. 
Find  its  volume. 

6.  The  radii  of  the  circular  faces  of  a  frustum  of  a  cone  are  3  ft.  and  4  ft.,  and 
its  height  is  5  ft.     Find  its  volume. 

7.  With  a  radius  of  6  ins.  describe  an  arc  of  a  circle  of  which  the  chord  is  5  ins. 
long.     Measure  the  required  quantities  and  calculate  the  length  of  the  arc  by  the  two 
given  formulae.     Compare  the  results. 

8.  A  dome  is  in  the  form  of  a  segment  of  a  sphere  of  radius  loo  ft.     The  height 
of  the  dome  is  80  ft.     How  many  square  feet  of  lead  would  be  required  to  cover  it  ? 

9.  A  basin  is  in  the  form  of  a  zone  of  a  sphere.     The  bottom  is  a  circle  of  radius 
3  ins.,  the  top  a  circle  of  radius  9  ins.,  and  the  depth  of  the  basin  is  5  ins.     How 
much  water  will  it  hold  ? 

10.  A  piece  of  sheet  zinc  in  the  form  of  a  rectangle  measuring  12  ins.  by  9  ins., 
is  found  to  weigh  0787  Ibs.      What  is  its  thickness?     Zinc  weighs  0^252  Ib.  per 
cubic  inch. 

11.  Copper  wire  of  size  No.  5,  S.W.G.,  weighs  718  Ibs.  per  mile  :  find  the  area 
of  its  cross-section  and  its  diameter.     Copper  weighs  555  Ibs.  per  cubic  foot. 

12.  Find  the  weight  per  foot  of  a  lead  pipe  of  I J  in.  bore  and  ^  in.  thick.     One 
cubic  foot  of  lead  weighs  711 '6  Ibs. 

13.  A  lead  pipe  of  I  in.  bore  weighs  2' 193  Ibs.  per  foot  length.     Find  the  thick' 
ness  of  the  metal. 

14.  What  is  the  thickness  of  a  lead  pipe  of  2j  ins.  internal  diameter  if  it  weighs 
7-862  Ibs.  per  foot  length  ? 

15.  Find  the  weight  of  an  iron  pipe  12  ft.  long,  14  ins.  external   diameter,  l  ft, 
internal  diameter.     Weight  of  I  cu.  in.  =  O'27  Ib. 
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16.  A  cast-iron  pipe  I  '3  ft.  long,  of  lo-in.  bore,  and  \  in.  thick,  weighs  121  '4  Ibs. 
What  is  tie  weight  ol  a  cubic  inch  of  cast-iron  ? 

17.  A  tube  of  8  ins.  internal  diameter  is  made  of  copper  0*232  in.  thick.     It 
weighs  23  "I  Ibs.  per  foot  length.     Calculate  the  weight  of  a  cubic  foot  of  copper. 

18.  The  inside  diameter  of  a  wrought-iron  gas-pipe  is  4  ins.     It  is  4  ft.  long,  and 
weighs  31  '48  Ibs.     Given  that   wrought-iron  weighs  0*28  Ib.  per  cu.  inch,  find  its 
outside  diameter. 

19.  Water  flows  at  the  rate  of  4*96  ft.  per  second  through  a  cylindrical  pipe  of 
1  1  ins.  diameter.     What  is  the  supply  in  gallons  per  minute  ?    6J  galls.  =  I  cu.  ft 

20.  The  outside  diameter  of  a  roller  is  3  ft.,  and  its  outside  width  4  ft.     The 
metal  is  2  ins.  thick  on  the  curved  surface.     It  is  closed  at  the  ends  which  are  plane, 
and  I  in.  thick.     The  axle  and  handle  weigh  II  Ibs.,  and  the  metal  of  which  the 
roller  is  made  weighs  437  Ibs.  per  cubic  foot.     Find  the  weight  of  the  roller. 

21.  How  many  bricks  will  be  required  to  line  the  sides  of  a  well  30  ft.  deep  and 
4  ft.  in  diameter?     Each  brick  measures  9  ins.  by  4$  ins.  by  3  ins.,  including  mortar, 
and  the  lining  is  to  be  4^  in.  thick. 

22.  What  is  the  weight   of  a   hollow  steel  pillar    10  ft.  long,  whose  external 
diameter  is  5  ins.,  and  internal  diameter  4  inches?     What  is  the  diameter  of  a  solid 
pillar  of  the  same  weight  and  length?     i  cu.  ft.  of  steel  weighs  499  Ibs. 

(Board  of  Education  Examination  in  Naval  Architecture,  1902.) 

23.  A  glass  tube  is  15  cm.  long,  and  its  outside  diameter  is  4  mm.     It  weighs 
4  grms.     What  is  its  insid*  diameter  if  I  c.c.  of  glass  weighs  2*52  grms.  ? 

24.  A  single  core  electric  cable  consists  of  a  cylindrical  copper  wire,  surrounded 
by  a  coating  of  insulation,  and  an  outer  coating  of  lead.    The  area  of  the  cross-section 
of  the  copper  is  0*25  sq.  in.,  the  thickness  of  the  insulation  is  O'li  in.,  and  the  thick- 
ness of  the  outer  covering  is  o*  1  1  in.     What  is  the  diameter  of  the  whole  cable  ? 

If  I  cu.  in.  of  copper  weighs       0*32   Ib. 
„          „       lead  weighs  0*41     „ 

,,          ,,       insulation  weighs  0*034  ,, 

find  the  weight  per  foot  of  the  cable. 

25.  Find  the  weight  of  a  segment  of  a  sphere  of  lead.    Height  of  segment  =  3  ins.  ; 
radius  of  base  =  10  ins.     I  cu.  in.  of  lead  weighs  0*408  Ib. 

26.  A  hollow  sphere  of  brass  is  found  to  weigh  50  Ibs.     Its  external  diameter  is 
10  ins.  ;  what  is  its  internal  diameter  ?     I  cu.  in.  of  brass  weighs  0*3  Ib. 

27.  A  hollow  sphere  of  cast-iron  weighs  loo  Ibs.     Its  inside  diameter  is  0*66  of 
its  outside  diameter.     Find  its  inside  and  outside  diameters.     I  cu.  in.  of  cast-iron 
weighs  0*26  Ib. 

28.  Find  the  area  of  the  total  service  of  the  frustum  of  a  cone  ;  radius  at  base  =  5 
ins.,  radius  at  top  =  3  ins.,  length  of  slant  side  =  4  ins. 

29.  How  many  square  inches  of  tin  will  be  required  to  make  a  cylindrical  can 
4  ins.  high  to  hold  I  quart  =  0*0401  cu.  ft.  ?     There  is  no  lid. 

30.  A  milk  can  is  6  ins.  high,  and  has  a  diameter  of  4  ins.  at  the  bottom.     What 
is  its  diameter  at  the  top  if  it  holds  I  quart  ? 

31.  A  railway  embankment  is  12  ft.  high,  the  top  is  28  ft.  wide,  and  the  sides 
have  a  slope  of  I  in  2  to  the  horizontal.     How  many  cubic  feet  of  earth  are  needed 
to  make  100  ft.  of  the  embankment? 

45.  Approximation  —  Product  of  two  Binomial  Factors.  —  We  know 
t.hat— 

(i  +*•)(!  +>0=  *  +  x  +  y  +  xy 


Consider  a  case  where  x  =  TS\j5  and  y  = 

2 

Then  xy  =  —  g  and  is  very  small  compared  with  x  and/,  and  may  there- 

fore be  neglected  if  we  only  require  our  result  to  be  correct  to  an  accuracy 
of,  for  example,  one  part  in  one  thousand. 

Thus  we  may  take  I  +  x  +  y  as  the  approximate  value  of  (i  + 
when  x  and>*  are  small. 
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EXAMPLE.  —  The  two  sides  a  and  6,  and  the  angle  C,  of  a  triangle  are  observed,  and 
the  area  calculated  by  means  of  the  formula,  Area  =  J  ab  sin  C. 

If  the  observed  value  of  a  is  2\  per  cent,  too  large,  and  the  observed  value  of  b  \\  per 
cent,  too  small,  what  is  the  resulting  error  in  the  calculated  -value  of  the  area  t 


Here  we  have  taken  (l  +  o'O25)fl  instead  of  the  true  value  of  a,  and  (i  — 
instead  of  the  true  value  of  b  ;  i.e.  we  have  taken  (i  +  0^025)  (i  —  o'oi5)<r£  instead 
of  ab.  This  is  approximately  equal  to  (i  +  0*025  —  O'oi$)al>  =  (i  -f  o'oi)ai>,  since 
the  errors  in  a  and  b  are  both  small.  Therefore  the  calculated  value  of  the  area  is, 
approximately,  I  per  cent,  too  large. 

The  error  introduced  by  neglecting  the  term  xy  is  here  O'OOO375<7^,  or  about  0*04 
per  cent.,  and  may  be  neglected,  as  it  is  extremely  unlikely  that  the  errors  in  a  and  b 
are  known  to  this  degree  of  accuracy. 

By  multiplication  we  have 

(i  +  x)(i  -t-  y)(i  +  z)=i+x+y  +  z  +  xy+yz  +  zx  +  xyz 

and  if  x,  y  and  z  are  sufficiently  small,  the  last  four  terms  may  be  neglected 
in  comparison  with  the  first  four,  and  we  have 

(i  +  x)(\  +  y)(\  +  z)  —  i  +  x  +  y  +  z  approximately 

If  this  result  is  applied  to  the  case  of  small  errors,  as  in  the  last  example, 
we  may  state  it  in  words  as  follows  :  — 

If  there  are  small  errors  in  each  of  three  quantities,  the  resulting  error 
in  their  product  is  the  sum  of  the  separate  errors. 

This  result  applies  whether  the  errors  are  positive  or  negative. 

This  method  of  proof  may  be  extended  to  the  case  of  more  than  three 
quantities,  and  it  can  be  shown  in  the  same  way  that,  if  there  are  small  errors 
in  each  of  «  quantities,  the  resulting  error  in  their  product  is  the  sum  of  the 
errors  in  the  separate  quantities,  taken  with  their  proper  signs. 

If  there  is  the  same  small  error  x  in  each  of  n  quantities  it  follows  that 
the  resulting  error  in  their  product  is  nx  approximately. 

This  is  equivalent  to  the  statement  that 

(i  +  x)(\  +  x)(i  +  x}  .  .  .  to  «  factors  =  (i  +  x)n  =  I  +  nx  approximately 

We  have  here  taken  n  to  be  a  whole  number.  It  can  also  be  shown  that 
if  x  is  less  than  i,  as  it  must  be  when  it  denotes  a  small  error,  the  state- 
ment that  (i  +  x}n  =  i  +  nx  approximately  is  also  true  when  n  is  negative 
or  fractional. 

The  result  of  this  paragraph  may  be  applied  to  the  calculation  of  fractional 
or  negative  powers  of  certain  numbers. 


EXAMPLE  (i).  —  To  find  the  value  of  *J\6,$. 


We  have  Jw  =  (144(1  +  yW}    =  I2C  + 

=  1  2(1  +  £  X  Y^J)  approximately 

=  12(1  +  jig)  =   12  +  ^j-  =   I2-04I6 


This  agrees  to  four  places  of  decimals,  with  the  value  of  \/i45  found  in  the  ordinary 
way. 

EXAMPLE  (2).—  (1-02)'  =  I  •+  6  X  0*02  approximately 
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EXAMPLE  (3).—  j-^-  =  (roiS)"1 

Here  x  =  0*015,  an<^  »  =  —  I 
.*.  (rois)-1  =  i  —  0-015  =  0*985  approximately 


EXAMPLE  (4).  --  ,-    -0  =  (i  —  0*002)"* 
' 


=  I  +  (—  i)  (  —  0*002)  approximately 
=  1*001 

EXAMPLE  ($).—FittJ  the  approximate  value  of 

_  1*002  x  0*996 
y~         2*008 

y  =  \(\  +  0*002)(l  —  0*O04)(l  +  0-004)-1 

=  |(i  +  0*002  —  0-004  —  0-004) 

=  J(i  —  0*006)  =  0*497  approximately 

The  student  should  work  out  the  value  oiy  to  6  decimal  places,  and  find  the  error 
in  the  above  approximation. 

EXAMPLE  (6).  —  The  radius  of  a  circle  is  found  by  measurement  to  be  3*26  ins.,  and 
the  area  is  calculated  from  this  value.  If  there  is  a  possible  error  of  2  per  cent,  in  the 
observed  value  of  the  radius,  what  is  the  possible  error  in  the  calculated  value  of  the  area  ? 

If  r  is  the  radius,  the  area  =  irr*. 

An  error  of  2  per  cent,  in  r  has  the  effect  of  multiplying  r  by  (i  +  O'O2),  and 
therefore  of  multiplying  irr*  by  (i  +  o*O2)2  =  I  +  0*04  approximately. 

i.e.  there  is  a  possible  error  of  4  per  cent.  =  0*04  X  *  X  3*26* 

=  i*33sq.  in. 
in  the  calculated  value  of  the  area  of  the  circle. 

EXAMPLE  (7).  —  In  finding  the  torsional  rigidity  of  a  wire  by  obsei-ving  its  torsional 
oscillations  we  make  use  of  the  formula 


If  errors  are  made  of 

0*2  per  cent,  too  little  in  the  observed  value  of  'I, 
2  per  cent,  too  much  in  the  observed  value  oft, 
and  3  per  cent,  too  much  in  the  observed  value  ofr, 
what  is  the  resulting  error  in  the  calculated  value  of  n  / 

The  true  value  of 

/  is  multiplied  by  (i  —  0*002)  to  obtain  the  observed  value, 
that  oft         „        „        (1+0*02)  „  „ 

„      r         „         „         (1+0*03)  »  » 

.*.  the  true  value  of  «  is  multiplied  by 


(i  +o*02)z(i  +0*03)* 

=  (I  —  O*O02)(I  +  0*02)-a  (I  +  0*O3)~4 

=  i  —  0*002  —  2(0*02)  —  4(0*03)  approximately 
=  i  —  0*162 

i.e.  there  is  an  error  of  16*2  per  cent,  too  little  in  the  calculated  value  of  «. 


EXAMPLES.— XXIV. 

1.  Calculate  the  value  of  1*01  X  1*025  by  the  approximate  method  used  in  the 
preceding  examples,  and  also  by  multiplying  in  full,  and  find  the  error  of  the 
approximate  method. 
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2.  Calculate  the  value  of  —     •-  by  the  approximate  method,  and  also  by  actual 

i  *oi  5 

division  to  6  decimal  places,  and  find  the  error  of  the  approximate  method. 

3.  Find  the  value  of  I'OO2  x  I'ooiS  X  0-996,  correct  to  4  decimal  places. 

Find  approximate  values  of  the  following  quantities  : — 

4    °'996  5    i '003  0    °*993  7    1-0023  X  0-9984^ 

1-002'  '  o'997*  '  1-005*  i -0016 

8.   V°'98-  9-  -s/i'02.  10.  Viol-  11. 

12.  V730-  13-  «/224.  14.  V217-  15- 

16    i.  17.     '  18.  -i_. 

98  506  1-009 

19.  An  error  of  1*5  per.  cent,  excess  is  made  in  measuring  the  side  a  of  a  triangle 
and  an  error  of  I '8  per  cent,  defect  in  measuring  the  side  b.     What  is  the  resulting 
percentage  error  in  the  area  as  calculated  from  the  formula  J  ab  sin  C  ? 

20.  If  there  is  an  error  of  5  Ibs.  in  the  value  of  the  weight  of  I  mile  of  copper 
wire  given  in  example  II,  p.  58,  what  is  the  resulting  error  in  the  calculated  value 
of  its  diameter  ? 

21.  If  the  length  of  the  seconds  pendulum  is  increased  by  75*55  part,  how  many 
seconds  will  the  clock  lose  in  a  day?     The  time  T  of  a  complete  oscillation  of  a 

pendulum  is  equal  to  2ir       /  -.  where  /  is  the  length  and  g  is  a  constant  quantity. 

22.  The  radius  of  a  sphere  is  found  by  measurement  to  be  5  ins.     What  error 
will  be  caused  in  the  calculated  value  of  the  volume  by  an  error  of  I  per  cent,  in  the 
measured  value  of  the  radius  ? 

23.  The  value  of  g  is  found,  from  the  formula  T  =  2ir      /£.     T  is  the  time  of  a 

V    g 

complete  oscillation,  and  /  the  length  of  a  pendulum.     What  will  be  the  error  per 
cent,  in  the  calculated  value  of  g\{  the  observed  value  of  T  is  I  per  cent,  too  large? 

24.  If  power  U  ft.  Ibs.  per  second  is  transmitted  over  a  distance  /  ft.,  by  water  at 
a  pressure  of/  Ibs.  to  the  square  foot,  along  a  pipe  of  radius  r  ft.  ;  then 

loss  of  energy       A  U  V 
energy  put  in  ~~  p*r* 

What  is  the  effect  on  this  ratio  of  an  increase  of  5  per  cent,  (a)  in  the  pressure,  (6)  in 
the  radius  of  the  pipe  ? 

25.  If  v  c.c.  per  second  of  a  liquid  of  specific  gravity  s  flow  through  a  capillary 
tube  of  radius  r  and  length  L  under  a  pressure  of -H  cm.  of  the  liquid,  the  viscosity  r; 
of  the  liquid  is  given  by 

irHr'j 

What  percentage  errors  are  caused  in  the  calculated  value  of  t\  by  errors  of  I  per  cent. 
in  the  observed  values  of  r,  H,  and  v  respectively  ? 

26.  The  value  M  of  the  magnetic  moment  of  a  magnet  is  calculated  from  the  two 
formulae 


/I  M       (<P  -  I2)9 

T  =\/MH  and  H  =   —&-  tan 


I,  d,  /,  0  and  T  are  observed  quantities.  If  an  error  of  2  per  cent,  excess  is  made  In 
observing  the  value  of  T,  and  all  the  other  readings  are  correct  to  O'l  per  cent.,  what 
is  the  approximate  error  per  cent,  in  the  calculated  value  of  M  ? 

46.  Units. — -The  exact  expression  of  a  physical  quantity  consists  of  two 
parts — the  unit  in  terms  of  which  it  is  measured,  and  the  measure  expressing 
the  number  of  times  the  unit  is  contained  in  the  quantity  :  e.g.  we  speak  of  a 
certain  length  as  5  ft.  or  152*4  cm.  ;  in  the  first  case  5  is  the  measure  and 


Use  of  Formulae  63 

one  foot  is  the  unit,  in  the  second  case  152*4  is  the  measure  and  one 
centimetre  is  the  unit.  We  speak  of  a  certain  velocity  as  15  ft.  per  second, 
or  457'2  cm.  per  second  :  in  the  first  case  15  is  the  measure  and  one  foot 
per  second  is  the  unit  of  velocity  ;  in  the  second  case  457'2  is  the  measure 
and  one  centimetre  per  second  is  the  unit. 

Note  that  the  measure  of  a  given  quantity  varies  inversely  as  the  unit  in 
terms  of  which  it  is  measured.  In  the  first  example  above,  when  the  unit  of 
length  is  changed  from  i  ft.  to  i  cm.,  f.e.  the  unit  is  divided  by  3O'4S,  then 
the  measure  of  the  given  length  is  multiplied  by  3O'48. 

47.  Dimensions  of  Units. — The  various  units  used  in  mechanics,  with 
the  exception  of  the  unit  of  temperature  as  measured  by  expansion  and 
those  units  which  depend  upon  it,  may  be  ultimately  defined  in  terms  of  the 
three  units  of  length,  time,  and  mass. 

These  are  called  the  three  fundamental  units.  Thus,  for  example,  the 
unit  of  velocity  is  the  velocity  of  a  point  which  moves  through  the  unit  of 
length  along  a  straight  line  in  the  unit  of  time.  We  denote  the  three 
fundamental  units  of  mass,  length,  and  time  by  the  symbols  [M],  [L], 
and  [T]. 

If  the  fundamental  units  are  changed,  all  other  units  which  depend  upon 
them  will  in  general  be  changed  as  well. 

The  unit  of  velocity,  for  example,  will  evidently  be  changed  in  the  same 
ratio  as  the  unit  of  length,  and  inversely  as  the  unit  of  time. 

We  express  this  by  saying  that  the  dimensions  of  the  unit  of  velocity 


ft]- 


Similarly,  since  the  unit  of  acceleration  is  the  acceleration  of  a  point 
moving  so  that  its  velocity  increases  by  unit  velocity  in  unit  time,  its 
dimensions  are 


In  general,  when  any  unit  varies  as  the  7/th  power  of  a  fundamental  unit, 
we  say  that  it  is  of  »  dimensions  in  that  unit. 

Thus,  for  example,  the  unit  of  volume  is  the  volume  of  a  cube  whose  edge 
is  the  unit  of  length  and  its  dimensions  are  [L3]. 

The  unit  force  causes  unit  mass  to  move  with  unit  velocity,  its  dimensions 
- 


As  an  example,  the  student  may  verify  the  following  statements  from  his 
knowledge  of  mechanics  :  — 

FML2n 
________  ,  _____  ---   «.    .„  ------   „.    ..„.„   ^    -----  „_,    ___    .   -7=^-    I 

[ML2! 
~T3~  J 

The  dimensions  of  the  unit  of  momentum  are  I  -=-  I 

Those  units  which  are  directly  derived  from  the  fundamental  units  are 
called  absolute  units.  In  some  cases  the  absolute  unit  is  too  small  for 
practical  use,  and  a  special  practical  unit  has  to  be  used. 

E.g.  i  ft.-lb.  per  second  is  the  absolute  unit  of  power  when  32^2  lb.,  i  ft., 
and  i  second  are  the  fundamental  units  ;  but,  as  this  unit  is  small,  the 
horse-power,  which  is  equal  to  550  such  units,  is  used  instead  for  practical 
purposes.  One  erg  per  second  is  the  absolute  unit  of  power  when  i  grm., 
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i  cm.,  and  i  second  are  the  fundamental  units  ;  as  this  unit  is  very  small, 
the  watt,  which  is  equal  to  io7  such  units,  is  used  for  practical  purposes. 

EXAMPLE. —  The  practical  unit  of  power  in  applied  mechanics  is  I  horse-poiver,  in 
electricity  it  is  I  watt.  Find  the  number  of  watts  in  a  horse-power. 

In  changing  from  the  first  system  of  fundamental  units  to  the  second, 

[M]  is  multiplied  by  — 77,  since  there  are  453'6  grms.  in  a  pound  ; 

[L]  is  multiplied  by  —        ,  since  I  cm.  =  0^3937  in.  ; 

[T]  is  unchanged  ; 

[ML2T 
-— -  I 

•    the  absolute  unit  of  power   is  multiplied   by  ; 

32-2  x  453'6 

changing  from  the  foot,  32*2  lb.,  sec.  system  to  the  cm.,  grm.,  sec.  system. 

550  is  the  measure  of  one  horse-power  in  the  first  system  of  absolute  units,  and, 
since  the  measure  of  a  given  quantity  varies  inversely  as  the  unit  in  which  it  is 
measured,  the  measure  of  one  horse-power  in  ergs  per  second  is 


=  746  watts. 


EXAMPLES.— XXV. 

1.  One  erg  is  the  absolute  unit  of  work  when  I  grm.,  I  cm.,  and  I  sec.  are  the 
fundamental  units  ;  one  foot-pound  is  the  absolute  unit  of  work  when  32*2  Ibs.,  I  ft., 
and  i  sec.  are  the  fundamental  units.     Find  the  number  of  ergs  in  a  foot-pound. 

2.  One  pound  is  the  absolute  unit  of  force  when  32-2  Ibs.,  I  ft.,  and  I  sec.  are  the 
fundamental  units  ;   one   dyne  is  the  absolute  unit  of  force  in  the  cm.,  grm.,  sec. 
system.     Find  the  number  of  dynes  in  a  pound. 

3.  The  modulus  of  torsion  of  steel  is  8253  kilogs.  per  sq.  mm. ;   what  is  it  in 
tons  per  square  inch  ? 

4.  The  measure  of  the  acceleration  due  to  gravity  is  32*2  absolute  units  when 
i  ft.  and  i  sec.  are  the  fundamental  units.     Find  the  measure  of  this  acceleration 
when  i  cm.  and  I  sec.  are  the  fundamental  units. 


CHAPTER   VI 
MISCELLANEOUS  EQUATIONS  AND  IDENTITIES 

48  IN  this  chapter  we  shall  deal  with  certain  portions  of  elementary  algebra 
which  are  of  importance  in  the  applications  of  the  subject.  This  treatment 
is  intended  to  supplement  and  not  to  take  the  place  of  ordinary  text-books 
in  algebra. 

49.  Quadratic  Equations. — To  find  a  formula  for  the  values  of  x  which 
satisfy  the  quadratic  equation. 

ax2  4-  bx  +  c  =  o 
where  a,  £,  and  c  are  any  constant  quantities. 

We  have  Xs  +  -x  =  —  — 
a  a 

til 

Add  — 5-  to  both  sides  of  this  equation 
4^ 

TU         •'  ,   b  P  c        t>* 

Then  x-  +  -  x  +  — ^  = +  — « 

a         40?          a^  4«2 


b        ±  Jb-  —  6,ac 


-  b  ±  JP  -  A,ac 

-  -—  ....     (I) 


This  formula  gives  the  two  roots  of  the  quadratic  equation 
ax*  +  bx  +  c  =  o  for  any  values  of  a,  t>,  and  c 
E.g.  Let  3_r2  +  T.X  —  4  =  o 

Here  a  —  3,  b  —  2,  c  =  —  4 
d  -  2  ±  y4^M8 

dlHl      •  •    dp     —  ^ 

o 

=  _  ,.535  or  0. 


50.  Conditions  for  Real,  Equal,  and.  Imaginary  Roots.  —  In  the 
above  example  we  had  no  difficulty  in  calculating  the  roots,  because  the 
quantity  b2  -  4ac,  under  the  square  root  was  positive,  and  its  square  root 
could  be  found.  It  may  happen  that  P  —  \ac  is  negative  ;  i.e.  6*  is  less 
than  ^ac,  as  in  the  following  example  :  — 

F 
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3-r3  +  -2.x  +  4  =  o 
Substituting  in  the  formula  (i)  we  find 


-  2  ±  .y/4  —  48  _  —  I  ±  V  -  11 


Since  we  cannot  find  any  real  number  whose  square  is  — 11,  the  roots 
of  this  equation  are  said  to  be  imaginary. 

We  shall  find,  however,  at  a  later  stage,  that  for  certain  purposes  we  may 
use  the  imaginary  roots  of  an  equation  as  if  they  were  real,  and  that,  in  the 
applications  of  the  subject,  the  results  have  a  definite  physical  meaning. 

We  may  write  the  above  expression  for  the  value  of  x 


x  v  —  i  , 

-* =  -  0-33  ± 


where  /  is  used  to  denote  *J  —  I. 

If  b*  is  equal  to  \ac  the  quantity  ft  —  ^ac  under  the  square  root  in  (i) 
vanishes,  and  the  two  roots  of  the  quadratic  equation  become  equal,  e.g.  :  — 

4**  —  2ox  +  25  =  o 
Substituting  in  (i)  we  get 


20  ±  J^oo  —  400 
=  -        *-—        -  =  2-5  ± 


i.e.  the  two  roots  of  the  equation  are  each  equal  to  2-5. 
Note  that  in  this  case  ax*  +  bx  +  c  is  an  exact  square. 
We  have  thus  shown  that  in  the  equation 

ax*  +  bx  +  c  =  o 

If  &  is  greater  than  ^ac  the  roots  are  real  and  unequal  ; 
If  I)1  is  less  than  &,ac  the  roots  are  imaginary  ; 
If  bz  is  equal  to  \ac  the  roots  are  real  and  equal. 


EXAMPLES.— XXVI. 

Find  the  values  of  x  which  satisfy  each  of  the  following  equations,  correct  to  two 
places  of  decimals  : — 

1.  2jr2  -  3-r  +  i  =  o.         2.  ix1  +  iox  +  2  =  o.  3.   5_r2  -  4^  -  6  =  o. 

4.  3**  +  5x  -  8  =  o.         5.  3  -  2x  -  ^  =  o.  6.  3*  -  4  -  5^  =  o. 

7.  3Jr2  -  jr  +  4  =  o.          8.2^+1^+11=0.      9.   1-3^  -2-5*  +  5  9=0. 

10.    2'5   X    I0-'.r2  +  2'I    X    107X  +  4  X    10"  =  O. 
H.    2'S   X    10- V  +  2  X    I02JT  +  4  X   10*  =  O. 

12.  2-5  x  io- V2  +  1-9  X  IQ'JC  +  4  x  io«  =  o. 

51.  Solutions  of  Equations  by  Resolutions  into  Factors.— Let  a  and 
d  be  the  roots  of  the  equation 

ax*  +  bx  +  c  =  o 
then  a  =^ 
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From  these  values  we  get 


Thus,   if  any  quadratic   equation  is  written   in  the  form  .r2  -\  —  -*"  +  -  =  o, 

so  that  the  coefficient  of  X*  is  unity,  and  all  the  terms  are  on  the  same  side  of 
the  equation,  then  the  sum  of,  the  roots  is  equal  to  the  coefficient  of  x  with 
its  sign  changed,  and  the  product  of  the  roots  is  equal  to  the  constant  term. 
E.g.  in  the  equation 

x*  -  *>x  +  6  =  o, 

the  sum  of  the  roots  is  5  and  their  product  6.  We  see  that  the  roots  must 
be  3  and  2,  and  this  quadratic  equation  may  be  written 

(•*•  -  3)(*  -  2)  =  o 

In  general,  it  follows  in  the  same  way  that,  if  a  and  0  are  the  roots  of  a 
quadratic,  the  equation  may  be  written 

O  -  «)(*•  -  )9)  =  o 

since  we  know  that  in  the  product  of  these  two  factors  the  coefficient  of  x  is 
—  (a  +  0)  and  the  constant  term  a#. 

Otherwise,  it  is  evident  that  if  an  equation  can  be  put  into  this  form  it  is 
satisfied  if  either  factor  is  zero,  i.e.  if  x  =  a  or  x  —  P,  and  therefore  a  and  0 
are  the  roots. 

Thus,  when  the  factors  of  a  quadratic  expression  can  be  found  by 
inspection,  the  roots  of  the  corresponding  equation  can  be  written  down. 

EXAMPLE.  —  Solve  the  equation. 

6jr*  —  i  ix  +  3  =  o 
We  notice  that  the  equation  may  be  written 

(z*  -  3X3*  -  i)  =  o 
This  is  satisfied  either  if 

2x  —  3  =  o  and  x  =  i| 
or  if  3-c  —  i  =o  and  x  =  ^ 
.'.  the  roots  of  the  equation  are  ,|  and  J-. 


EXAMPLES.— XXVII. 
Solve  the  equations — 

1.  x*  +  3-r  +  2  =  o.  2.  x1  +  2jc  -  3  =  o.  3.  x3  +  2x  +  I  =  o. 

4.  x7  +  5.*  +  6  =  o.  5.  2X3  +  LUC  —  20  —  o.  6.  Trx't  —  i<)x  +  6=0. 

7.  6x-  +  3-r  -  45  =  o.  8.   15^-36^  +  12  =  a  9.  77^  +  57^-54=0 

10.  65-r2  -  390*  +520  =  0  11.  x1  +  ?*  -  O.  12.  -r«  =  m\ 

13.  In  the  equadon 

I^+R*+I  =  o 

suppose  R  and  K  are  known.     Write  down  the  conditions  which  must  be  satisfied  by 
the  value  of  L  that  the  roots  may  be  real,  equal,  or  imaginary. 

14.  Solve    the    equation     in     example     13     for     the     cases    when     R  =  200. 
K  =  o'5  X  io-e,  and  L  has  the  following  values  : — 

(a)  L  =  ox>O2  ;  (6)  L  =  o'oi  ;  (c)  L  =  o  005 
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15.  Solve  the  equation  mx1  +  -  =  o. 

k 

16.  If  \V,  g,  and  A  are  known  in  the  equation 

H*s  +  **  +  4  «  o 

g  h 

writedown  the  conditions  which  must  be  satisfied  by  the  value  of  k  that  the  equation 
may  have  real,  equal,  or  imaginary  roots. 

17.  Solve  the  equation  of  the  last  example  for  the  case  when  W  =  i,  g  =  32*2, 
h  —  £,  k  =  o  02. 


52.  Equations  of  the  Degree  Higher  than  the  Second.  —  We  shall  not 
here  give  any  general  methods  for  solving  equations  of  degree  higher  than 
the  second,  as  the  student  will  probably  find  the  graphic  method  described 
in  Chapter  VII.  most  suitable  for  any  case  with  which  he  may  meet. 

In  certain  cases,  however,  equations  of  higher  degree  than  the  second 
may  be  easily  solved. 

EXAMPLE.  —  x*  —  3**  —  4  =  o. 

First  solving  this  as  a  quadratic  in  or2,  we  get  jr2  =  4,  and  x*  =  —  I. 
The  case  x"  —  4  gives  x  =  +  2,  or  x  =  —  2 
The  case  x2  —  —  I  gives  x  =  +  */  —  I,  or  jr  =  —  V  —  ' 

.'.  the  four  roots  of  the  equation  are  2,   —  2,  */—  i,   —  J  —  i. 

We  might  also  proceed  as  follows  :  The  expression  on  the  left-hand  side  of  the 
equation  may  be  resolved  into  factors 


The  equation  is  satisfied  if  any  one  of  the  three  factors  is  equal  to  zero.  Thus  the 
equation  is  reduced  to  two  equations  of  the  first  degree  and  a  quadratic  equation. 
The  roots  of  these  are  2,  —  2,  +  V  —  I  as  before. 

We  may  in  this  way  extend  the  method  of  §  5  1  to  equations  of  any  degree. 
If  the  equation  is  arranged  so  as  to  have  zero  on  the  right-hand  side,  and  the 
left-hand  side  can  then  be  resolved  into  factors,  the  equation  is  satisfied  if 
any  one  of  its  factors  is  equal  to  zero.  Thus  the  problem  is  reduced  to  that 
of  the  solution  of  a  number  of  equations  of  lower  degree  than  the  original 
equation. 

It  can  be  proved  that  every  algebraical  expression  of  the  «th  degree  can 
be  resolved  into  real  factors  of  the  first  or  second  degree;  thus  the  expression 
x*  —  3-r2  —  4  in  the  above  example  has  two  factors  of  the  first  degree  and 
one  of  the  second. 

Each  factor  of  the  first  degree  evidently  gives  a  single  real  root  of  the 
corresponding  equation.  Thus,  in  the  above  example,  we  found  two  real 
roots  2  and  —  2  corresponding  to  the  two  factors  of  the  first  degree.  Each 
quadratic  factor  which  cannot  be  further  resolved  into  real  factors  of  the  first 
degree  gives  two  imaginary  roots  of  the  original  equation  ;  thus,  in  the  above 
example,  the  quadratic  factor  x2  +  i  gives  the  two  imaginary  roots  +  J  —  i. 

It  follows  that  the  imaginary  roots  of  any  equation  always  occur  in  pairs. 
It  can  be  shown,  conversely,  that  if  there  is  a  real  root  there  must  be  a 
corresponding  factor  of  the  first  degree,  and  also  that  an  equation  of  the  «th 
degree  has  n  and  not  more  than  «  roots,  real  or  imaginary. 

No  general  rule  can  be  given  for  resolving  an  expression  into  factors,  but 
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if  one  or  more  roots  can  be  found  by  inspection,  we  may  take  out  the 
corresponding  factors  of  the  first  degree  and  the  remaining  factors  may  then 
be  more  easily  found. 

EXAMPLE. — Solve  the  equation 


We  notice  that  this  equation  is  satisfied  when  we  substitute  x  =  I,  and  therefore 
i  is  a  root  and  x  —  i  is  a  factor.  By  division  we  find  that  the  equation  may  now  be 
written 

Cr  -  !)(*»  +  3**  +  5*  +  3)  =  o 

The  second  factor  vanishes  when  we  substitute  x  =  —  I,  and  therefore  contains 
x  +  i  as  a  factor.  By  division  we  find  that  the  equation  may  now  be  written 

(x  —  l)(x  +  I)(JT*  +  2jf  +  3)  =  O 

Since  22  is  less  than  4x3x1,  the  roots  ofj^  +  zx+3=o  are  imaginary,  and 
there  are  no  more  real  roots.  The  roots  ofjr*  +  2jr  +  3=o  are  —  l  +  rj"i  . ». 

Thus  the  original  equation  reduces  to  two  equations  of  the  first  degree  and  a 
quadratic.  The  roots  are  I,  —  I,  —  I  +  /v/z  /',  —  I  —  ?J2  *'. 

EXAMPLES.— XXVIII. 
Solve  the  equations 

1.  jr'  +  jr1—  ioor  +  8  =  o.         2.  **  — 7.^  +  7* +15=0.        3.  **+*  — 2  =  0 
4.  2jc*  +  7-x*  +  icur  +  8  =  O.  5.  jr4  -  5ar*  +  5**  +  $x  —  6  =  O. 


53.  Logarithmic  Solution  of  Equations. 

EXAMPLE  (i). — Solve  the  equation 

3-2*3*  =  5- 1*11 
Dividing  by  5'ijr11,  we  get 

0-6275*^  =  I 
Taking  logarithms  of  both  sides 

i  -2  log  x  +  log  0-627$  =  o 

i '2  log  x  =  —  log  0-6275 

=  I  —  07976  =  0*2024 
.'.  log  x  =  0*1687 

.".  x  —  i'47,  or  x  =  o 

Note  that  we  have  divided  out  by  the  factor  jc1'1,  which  gives  the  root  x  =  O. 

EXAMPLE  (2). — Solve  the  equation 

2'53  =  y*f}** 
Taking  logs  of  both  sides 

log*' 53=  i '2*  log  3*59 
0-4031  =  i'2x  x  0-551,1 

=  x  X  0-6661 
.*.  x  =  0-605 

EXAMPLES. — XXIX. 
Solve  the  equations— 

1.  i'2*«  =  2'3*4'9.  2.  S^S-r1"1  =  7'8i. 

3    3-2i«*  =  8'9.  4.  2-4i-1'««  =  2-73-«-*-1* 
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=  220 


6.   Find  the  value  of  7>2  to  satisfy  the  equation 

C         w+1  _  f 
»  4-  I 
given  C  =  200,  «  =  —  1*13,  »,  =  9*3. 

6.  If  \V  =  /2wa  log,-2,  find  the  value  of  z>,  having  given  that  /t  =  2250,  »,  =•  10, 

•k 
\V  =  31,200. 

7.  Find  a  value  of  V  which  satisfies  the  equation  -^V1-'  =  95(V  —  14)- l. 

8.  Find  a  value  of  x  less  than  I  which  satisfies  the  equation 

J  I 

ay'1/,   i\  y 

-x        -  (  I  +  -  Ir    =  O 

•y          \      T/ 

having  given  that  y  =  1*41. 

54.  Simultaneous  Equations. — We  may  require  to  find  the  values  of 
two  or  more  quantities,  so  as  to  satisfy  two  or  more  conditions.  It  can  be 
proved  that,  in  order  to  determine  the  values  of  any  number  of  unknown 
quantities,  we  must  have  the  same  number  of  independent  equations.  Such 
equations  are  called  simultaneous  equations.  It  is  assumed  that  the  student 
is  familiar  with  the  solution  of  simple  simultaneous  equations.  We  shall 
here  give  some  examples  of  types  which  are  often  found  useful  in  the 
applications  of  algebra  to  geometry  and  physics. 

EXAMPLE  (i). — Find  the  values  of  m  and  c  so  that  the  equation  y  —  mx  -\- f  may  bt 
satisfied  when  x  —  \  and  y  —  —  3,  and  also  when  x  =  —  2  and  y  —  5. 
Substituting  in  the  equation,  we  have 

-  3  =  m  +  c 

5  =  —  7m  -f  ( 
Subtracting,  we  get 

3"'  =  —  8,  t»  =  —  § 
and  by  substitution  c  =  —  $ 

.'.  the  required  values  are  m  =  —  §,  and  c  =  —  \ 
and  the  equation  is  y  =  —  §  x  —  ^ 

Substituting  x  —  I  we  get  y  —  —  3,  substituting  x  =  —  2  we  get  y  =  5,  thus 
verifying  that  the  equation  now  satisfies  the  required  conditions. 

EXAMPLE  (2). — Find  the  values  of  x  and  y  which  satisfy  the  equations 
y  —  3-r  +  2,  and  y*  =  3  +  2.r* 

When,  as  in  this  case,  one  of  two  equations  is  of  the  first  degree,  we  may  always 
eliminate  one  variable  by  substitution. 

Substituting  3-r  +  2  for  y  in  the  second  equation,  we  get 

7  X3  -f    I  2JT  -j-  I   =  O 


_  —  12  ±4/144  —  28 

14 

=  —  O'oSS  and  —  1*626 

Substituting  these  values  of  or  in  the  first  equation,  we  get^j'  =  1*736  and  —2* 


EXAMPI.K  (}).  —  D  is  the  density  of  di'.ute  sulphuric  atid  when  100  parts  by  weight 
fotttfiin  S  parts  of  thf  purf  arid, 
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Find  affrwtnfa,  cennfch'ng  S  and  D,  tf  tkt  form 
S  =  a  +  *D  +  <D» 
,  f  «rr  constants  t  tavinjgnmt  tkat 

D  =  1*840  wktn  S  =  99*20 
D  =  1-50  „  S  =  59-70 
D  =  1*07  „  S  =  10-19 

Since  the  three  given   pairs  'of  corresponding  values  must  satisfy  the  required 
formula,  we  have,  substituting 


99-2    =  a  +  i'«4*  +  3*3S6r      .......    (0 

597   =  «+  1-50*+  a-asor      .......    (a) 

10*  19  =  *  4-  1*07*  +  1*145*'      .......    (3) 

Subtracting  (2)  from  (i)  and  (3)  from  (2),  we  get 

39-5    =  0*34*  +  1*136*     ........    (4) 

49-51  =0*43*  +  i  -lOSr    ........    (5) 

We  have  now  two  simultaneous  equations  to  find  h  and  c. 
Multiplying  (4)  by  0*43,  and  (5)  by  0*34,  and  subtracting,  we  get 


0-152  = 

.*.  '=  i  35' 
Substituting  in  (4)  we  get 

0'34*  =  39'5  -  i'534  =  37'97 
.*.  *  =  1  1  1  7 

Substituting  the  values  of  4  and  c  in  equation  (i),  we  get 

a  =  99-2  -  205*6  -  4-57 
=  -  1  10-97 

.*.  the  required  formula  is  S  =  ni^D  +  1*350'  —  110*97 
To  verify,  substitute  D  =  I  -5  ;  we  get 

S  =  59-62 
which  is  within  0*1  of  the  given  value. 

EXAMPLE  (4).—  F  M  tkt  frittional  rttiitamte  itt  /.»»m«*V  ftr  if  Mart  i*ek  i*  a 
hearing  running  at  a  velocity  of  V/?.  per  minute. 

It  is  known  that  F  and  V  art  connected  ty  a  formula  of  tkt  form  F  =  £V 
k  and  n  art  constants. 


=  0*368  wken  V  =  10$ 
and  F  =  0-613  w***  v  =  3'4 
find  tkt  vmhus  ofk  and  n. 

WehaveF  =  *V«  ............     (l) 

Taking  logs, 

log  F  =  n  log  V  +  log  *  ........     (2) 

For  the  given  values  of  F  and  V,  we  find  from  the  laMcs  that 

log  F  =7*566  when  log  V  =  2*021 
and  log  F  =7*7875  when  log  V  =  2*497 

Substituting  in  (2),  we  get 

7*566    =2*02iw  +  log*  ........ 

1-7875  =  2-49711  +  log* 
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Subtracting 

0*2215  =  o'476«,  and  «  =  0*465 

Substituting  this  value  in  equation  (3),  we  find 

log  k  =  1*566  —  0-940 

=  2-626  =  log  0x1423 
.*.  k  —  0-0423 

.*.  the  required  formula  connecting  F  and  V  is  F  =  0*0423  V0'466 

EXAMPLE  (5). — A  body  is  raised  to  a  temperature  of  20°  and  then  allowed  to  cool , 
IOO  seconds  afterwards  its  temperature  is  found  to  be  11°.  If  6  is  the  temperature  at 
time  t  seconds,  and  it  is  known  that  6  and  t  are  connected  by  an  equation  of  the  form 
8  =  aebt,  where  a  and  b  are  constants,  and  e  —  2*718,  find  the  values  of  a  and  b. 

We  have  0  =  *?" (i) 

Taking  logs, 

log  0  =  bt  log  e  +  log  a 

=  0*4343^  +  log  a (2) 

It  is  given  that  when  /  =  o,  0  =  20°,  and  log  0  =  1*3010;  also  when  t  =  100, 
0=ii,  and  log  B  =  1-0414. 

Substituting  in  equation  (2),  we  get 

1*3010  =  log  a (3) 

1-0414  =  43-43*  + logo (4) 

We  have  here  two  simultaneous  equations  to  find  b  and  a. 
From  (3)  a  =  20. 
Substituting  in  (4) 

43-43*  =  —  0*2596  ;  b  =  —  0*00598 

.*.  the  required  equation  is  6  =  2O**-0'006* 


EXAMPLES.—  XXX. 

1.  Find  the  values  of  x  and  y,  so  that  the  equation/  =  mx  +  c  may  be  satisfied 
when  m  =^  J  and  c  =  2,  and  also  when  m  =  \  and  c  =  2  '6. 

Verify  your  result  by  substitution. 

2.  Find  the  values  of  m  and  c,  so  that  the  equation/  =  mx  +  c  may  be  satisfied 
when  x  =  4  and  y  =  7,  and  also  when  x  =  3*5  and  y  =  6-4. 

3.  x  and/  satisfy  the  equation  ax  +  by  +  c  =  o. 

If  y  =  —  4*5  when  x  =  2,  and  y  =  —  10-5  when  .#  =  4,  what  is  the  value  of  y 
when  x  =  7. 

4.  It  is  given  that  j-,  /,  and  z  satisfy  the  equation 


when  a  =  2,  *  =  3,  c  =  4,  and  also  when  a  =  I,  *  =  i,  r  =  i.     Find  an  expression 
for  y  in  terms  of  .r. 

6.  Find  the  values  of  x,  yt  and  z  which  satisfy  the  equations 

x  —  2  _y  —  i  _  2—1 

™y~  ^~  ~~  s~ 

and  zx  +  ty  +  2  =  42. 

6.  Find  the  values  of  jr  and/  such  that  x*  -\-  y*  =  16,  and_y  =  3^  +  2. 

7.  Ifj/a  =  i6jr,  and/  =  3*  —  i,  find  the  values  of  x  and  jr. 

8.  y^  =  ^ax,  y  =  mx  +  c  ;  m,  a  and  <:  are  known  constants.     Find  the  relation 
between  c  and  m,  so  that  these  equations  may   have  equal   roots  in  x  and    equal 
roots  in  y. 
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9.  Solve  the  equations  :  yc*  —  "jxy  +  2y2  +  8  =  0;^  =  3.*—  i. 

10.  Given  xy  =  ax  4-  by,  and  y  —  6*47  when  x  =  9*3,  y  =  4-50  when  x  =  16*2. 
Find  the  value  ofy  when  x  —  11*4. 

11.  If  y  =  a  +  bx  +  ex"1  where  a,  b  and  c  are  constants  ;  and  y  =  io'55  when 
*  =  2'4,  y  =  54*82  when  jc  =  5*9,  y  =  2097  when  x  =  11*3  :    find  the  value  of  y 
when  x  =  7'2. 

12.  y  and  *•  are  connected  by  the  equation  y  =  a  -\  --  —  —  .     Find  the  values  of 

the  constants  a,  b  and  c,  having  given  that  y  =  41  'o  when  x  =  o-6,  y  •=•  31*91  when 
x  =  2'  i,  y  =  26*45  when  x  =  5-4. 

13.  It  is  known  that  y  varies  as  some  power  of  x  in  the  following  two  examples  : 
If  y  —  26*8  when  x  =  2*8,  y  =  189*5  when  x  =  8*3,  find  the  equation  connecting  y 
and  x. 

14.  y  varies  as  some  power  of  x  ;  if  y  =  0*4845  when  x  =  3*5,  y  —  0*1180  when 
x  =  9  '6,  find  the  equation  connecting  j/  and  x. 

15.  Given  y  =  a  +  bxn,  y  =  3*6  when  x  =  o,y  =  10*46  when  x  =  1*4,  y  =  130*3 
when  x  =  3*7  ;  find  the  value  ofy  when  x  =  2*5. 

16.  V  is  the  speed  of  a  certain  vessel  in  knots  when  the  engines  are  working  at 
P  horse-power.     Find  a  formula  of  the  form  P  =  a  +  PV3,  connecting  P  and  V.     It 
is  found  by  experiment  that  P  =  287  when  V  =  5»  P  =  1856  when  V  =  n. 

17.  It  is  known  that/  and  z>  are  connected  by  an  equation  of  the  form  pvn  =  C. 
If/  —  1577  when  v  =  3*5,  and/  =  447*5  when  v  —  9*6,  find  the  values  of  //  and  C. 

18.  ptf"  =  C,  p  =  213  when  v  =  2,  p  =  23*4  when  v  =  10.     Find  n  and  C. 

19.  In  Beauchamp  Tower's  experiments  on  friction  it  was  found  that  the  coefficient 
of  friction  in  a  certain  bearing  was  0*0021  when  the  speed  was  157  ft.  per  minute, 
and  0*0036  when  the  speed  was  419  ft.  per  minute.     If  the  friction  varies  as  some 
power  of  the  speed,  find  this  power. 

20.  In  Ilodgkinson's  experiments  on  the  strength  of  cast-iron  pillars,  a  pillar  of 
2j  ins.  diameter  and  10  ft.  long  was  found  to  break  with  a  load  of  65,380  Ibs.     When 
cut  down  to  7*5  ft.  long,  a  pillar  of  the  same  diameter  and  material  was  found  to 
break  with  a  load  of  100,200  Ibs.     If  the  breaking  load  varies  as  some  power  of  the 
length,  find  this  power. 

(Phil.  Trans.,  1841.) 

*21.  If/  =  a(6  +  1>Y,  and  /  =  69*21  when  6  =  150,  /  =  79*03  when  6  =  155,  find 
the  values  of  a  and  b. 


> 

t\v\  =  /W 

/•>,  =  210,  #,  =  2*5,  r,  =  10  ;  find  /)„. 

23.  If  tv*~   =  C,,  and/w'*'  =  Ct,  and  7  is  constant,  find  the  equation  connecting 
/  and  p. 

24.  If  it  is  known  that  /I»,1'~1  =  *W~\  and  that  I  -  (  ^  ]        =  0*25,  find  tt, 

having  given  that  t^  =  350. 

25.  The  entropy  <f>  of  a  certain  quantity  of  gas  at  pressure  /0,  volume  7;,,  tempera- 
ture /„  is,o.     Its  entropy  at  pressure/,  volume  v,  temperature  /,  is  given  by 

<f>  =  k  log,  i-  +  K  log,  — 

A  2*0 

It  is  known   that  pv  =  R/,  /„»„  =  R/,,  R  =  K  —  k.      Express  </>  (i)  in  terms  of 
volume  and  temperature  ;  (2)  in  terms  of  temperature  and  pressure. 

26.  If  y  =  a**,  y  =  24*8   when  x  =  12*5,   and  y  —  540   when   x  =  33  ;    find 
a  and  b. 

•27.  y  =  a^1,  y  =  12*66  when  x  =  6*5,  y  —  1*484  when  x  =  15*8.     Find  a  and  b. 

28.  W  =  w^°,  W  =  5*35  when  6  =  1*5*,   W  =  22*9  when  0  =  3*-.      Find  the 
value  of  ft. 

29.  /j.  is  the  coefficient  of  friction  in  a  certain  bearing  at  temperature  t°  F.     If 

*  Examples  21-34  may  be  postponed  to  a  Inter  stage. 
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there  is  a  law  of  the  form  /i  =  at*'  connecting  fi  and  /,  find  the  constants  a  and  b. 
Given  n  —  0*0059  when  /  =  1 10,  and  /t  =  0*0124  when  /  =  70. 

30.  V  is  the  voltage  at  time  /  across  a  condenser  of  capacity   K,  discharging 

through  a  resistance  R.  V  =  A*  KR,  where  A  is  constant.  If  the  condenser  is 
allowed  to  discharge  itself  through  the  insulation  resistance  R  of  a  certain  length  of 
cable,  it  is  found  that  V  =  100,  when  /  =  o,  V  =  55  when  /  =  1800,  K  =  jio-". 
Calculate  the  value  of  R. 

31.  /  is  the  pressure  of  saturated   steam  at  absolute   temperature  /°  C.      The 
following  values  are  found  by  experiment  : — 


/ 

178 

20  '80 

101*9 

Ibs.  per  sq.  inch. 

t 

324 

384 

439 

degrees  Centigrade. 

T>  /"•» 

=  A--  -^ 

Find  the  values  of  A,  B,  and  C. 

32.  In  some  experiments  to  find  the  viscosity  of  a  liquid,  if  s  is  the  distance  through 
which  the  pointer  of  an  oscillating  disc  swings  at  time  /. 

s  =  ae-**  sin  nt  +  b 

t  =  648*0  when  /  =  —  radian 
2n 

t  =  380*7  when  /  =  2? 
2n 

s  =  616-8  when  /  =  $—  and  -=  ri 
2n  n 

Find  the  value  of  k. 

33.  In  another  experiment  like  that  of  the  last  example 

t  =  469*3  when  /  =  — 


=  C78*O  when  /  = 

2n 

=  477-3  when  /=T, 


=  1*5 


Find  the  value  of  k. 

34.  S  is  the  quantity  of  common  salt  which  will  dissolve  in  100  parts  by  weight  of 
water  at  temperature  t°  C. 

There  is  a  formula  connecting  S  and  /  of  the  form 


ioo/       \ioo 

Find  the  values  of  a,  b,  and  c  from  the  following  data  :  — 


S 

36-13 

37-25 

38-22 

/ 

25 

60 

80 

65.  Identities. — We  have  said  that  an  equation  of  the  Mh  degree  has 
only  n  roots,  /.*.  that  it  is  satisfied  by  n  values  of  x.     If  we  find  that  an 
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equation  involving  an  unknown  quantity  x  in  the  »th  degree  and  a  number 
of  constants,  is  satisfied  by  more  than  n  values  of  .r,  it  can  be  shown  that  it  is 
true  for  all  values  of  x ;  it  is  then  spoken  of  as  an  identity. 
The  sign  =  is  used  to  express  identity,  e.g.  the  equation 

(x  +  iX*  +  2)  =  jr2  +  3.r  -f  2 

is  true  for  all  values  of  x: 

The  coefficients  of  each  power  of  x  must  be  separately  equal  on  the  two 
sides  of  an  identity. 

EXAMPLE.—  Find  the  valut  of  the  product  (x  +  2)(x  —  3)(x*  +  5). 

The  result  will  evidently  be  of  the  fourth  degree  in  x. 

Let  (x  +  2)(x  -  3)(x*  +  5)  =E  A*'  +  B.r*  +  Or1  +  D-r  +  E,  where  A,  B,  C,  D,  E 
are  numbers  which  we  require  to  find. 

Since  this  is  identically  true  for  all  values  of  x,  A  must  be  equal  to  the  coefficient 
of  x4  on  the  left-hand  side  of  the  equation.     .'.  A  =  I. 

This  process  is  known  as  equating  coefficients  of  x4. 

Similarly  B  is  equal  to  the  coefficient  of  x3  on  the  left-hand  side  of  the  equation, 
i.e.  B  =  2  -3  =-  i. 

In  the  same  way,  by  equating  coefficients  of  x"1  and  x,  and  the  constant  terms,  we 
get 

C  =-  i,  D  =-  5,  E  =-  30 

and  the  required  product  is  equal  to 

x*  -  x*  —  x*  —  5-r  —  30 


EXAMPLES.  -XXXI. 

Before    reading    the    next    paragraph   the   student   should   work   the    following 
examples : — 

Reduce  each  of  the  following  to  a  single  fraction  in  its  lowest  terms  : — 

3-      -S_     - 


""    X  —  2         X  +  2~ 

„        i               3              4 

4*3                5.            6 

'  x+  I        JT  +  2  "*"  jr  -  5' 

5            3,5 

'2j-  +  9  +  3j:-i       x+f 
Q       2*  +  7               3 

X    X*  +  2X  +  5  +  X  -  3' 
?42 

'  x3  —  4jr  +  9       j:  —  2' 

in          9                  8 

'  (x  +  2)*      .r  +  I* 

11                                   4- 

i 

L-    2I(*  +  2)  "*"  2S(JT  -  5) 

I2(or-  i)' 

56.  Resolution  into  Partial  Fractions. — The  student  already  knows 
how  to  express  the  sum  of  a  number  of  fractions  as  a  single  fraction  whose 
denominator  is  the  least  common  multiple  of  the  denominators  of  the  given 
fractions,  as  in  the  above  examples.  It  is  sometimes  necessary  to  carry  out 
the  converse  operation,  i.e.  having  given  a  single  fraction,  to  express  it  as  the 
sum  of  a  number  of  simpler  fractions.  This  process  is  spoken  of  as  the 
resolution  of  the  single  fraction  into  partial  fractions.  The  method  will  be 
best  understood  from  a  consideration  of  the  following  examples. 
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2x  —  C 

EXAMPLE  (l). — To  resolve  the  fraction — ^~ • into  partial  f radio  nt. 

••*    "9  j**  "~  • 

Resolve  the  denominator  into  its  simplest  factors  x  +  2  and  zr  —  i.  We  see  that 
x  +  2  and  2x  —  I  are  possible  forms  of  the  denominators  of  simple  fractions  of  which 
the  given  fraction  is  the  sum. 

2*  —  5                 A               B 
Assume  . — ; — r. — =  — ; —  + ,  where  A  and  13  are  constants. 

(X  +  2)(2X  —  1)         X  +  2^  2X  —  l' 

Multiply  both  sides  by  the  L.C.M.  of  the  denominators. 
2JC  -  5  =  A(2X  -  I)  +  Elx  +  2) 

This  is  an  identity,  and  is  true  for  all  values  of  x.     Assume  x  =  —  2,  and  substitute. 
Then  the  coefficient  of  B  vanishes,  and  we  have 

-  9  =  -  5A        .'.  A  =  | 

To  find  B  assume  x  =  j,  and  substitute.  Then  the  coefficient  of  A  vanishes,  and 
we  have 


•    (X  +  2)(2X  —  l)         5(jT  +  2)         5(2*  -   l) 

Note  that  this  agrees  with  example  10  above. 

EXAMPLE  (2). — Resolve  the  fraction  , %  into  partial  fractions. 

(x  —  i)(x  +  2)(x  —  5)         e 

I  ABC 


/.  I  =  A(x  +  2)(x  —  5)  +  B(jr  —  5)(jr  —  l)  4-  C(x  —  i)(x  +  2) 
Let  x  —  l  ;  then,  substituting 

l=— !2A  +  oxB+oxC     .*.  A  =  —  ^ 

Let  x  —  —  2  ;  then  I  =  21 B  and  B  =  ^ 
Let  x  -  5  ;  then  I  =  28C  and  C  =  A 


+ 


"   (X-  l)(*  +  2)(jr-5)  12(X-   l)^2l(jT  +  2)        2S(JC-S) 

Tliis  agrees  with  example  n  above. 

EXAMPLE  (3).  —  //  sometimes  happens  that  the  factors  of  the  first  degree  in  the 
denominator  are  not  all  different,  one  or  more  factors  being  squared  or  cubed,  as  in  the 

fraction       _ 


In  this  case  a  fraction  of  the  form  --  as  well  as  a  fraction  of  the  form  -  ---  —  ; 

JT-I  (*-!)- 

may  occur  among  the  partial  fractions  of  which  the  given  fraction  is  the  suui. 

Assume  _  !  _  =  _A_  +  _JL_r.  +  D 


x+2     x- 


B,  C,  and  D  may  be  found  by  substituting  suitable  values  of  x  as  before, 

If  x  =  i  we  get  i  =  —  128  /.  B  =  —  ^ 
Ux  =  -2  „  i=-63C  /.  C=-  A 
If*  =  5  „  i  =  ii2D  .M>  =  1^, 
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Since  the  above  equation  is  an  identity,  the  coefficients  of  each  power  of  x  must  be 
separately  equal  on  both  sides  of  the  equation. 
.".  equating  coefficients  of  x*  we  get 


(*-5)      144  (JT-  i)       i2(.r-i)'      63(x-  2) 
In  the  same  way  if  (x  —  i)1  had  occurred  in  the  denominator  we  should  have 
assumed  -  +  .  -  ^  +  .  -  -,  as  the  corresponding  partial  fractions. 

X—  I         (X—  I)*         (JC—  I)1 

EXAMPLB  (4).  —  //  may  happen  that  the  denominator  cannot  be  completely  resolved 
into  real  factors  of  the  first  degree.     Any  algebraical  expression  can.be  resolved  into  real 
factors  of  the  first  or  second  degree. 
TX  4.  e 

Resolve  r^^r      T  —  \j  —  ~&\  into  partial  fractions. 


A 
Assume 


__--x__  =  —^ 

Multiplying  across  we  get 

3*  +  5  =  A(J^  +  x  +  i)  +  Rr(*  -  6)  +  C(JT  -  6) 
Substitute  x  =  6  ;  then  23  =  43A,  A  =  |§. 

Since  no  real  values  of  x  will  make  the  coefficient  of  A  vanish,  the  constants  B  and 
C  must  be  found  by  equating  coefficients  of  powers  of  jr. 

Equating  coefficients  of  x3  on  both  sides  of  the  equation,  we  have 

o  =  A  +  B  =  f  |  +  B  /.  B  =  -  jfg 

Equating  constant  terms 

5  =  A-6C        ...C=-1^^  =  -H 
_       23  230:  +  32 


EXAMPLES.—  XXXII. 

Resolve  into  partial  fractions  — 


i 

'•( 

9.    : 

13. 
15. 

17. 
i  a 

x3  +  Sx  +  1$                        "  **  +  7*  +  6' 
*                                 ft              5*  +  ? 

4*  +  23 

3^  +  4^-2 

c+J-V+35" 

'    (X+1)*(X-2Y 

10            2T~I 

.*-»£  +  3X*+0- 

'  (jc-4)(2j:+  i)(x  +  3)' 

X  —  2 

(x  —  2)(ar  +  3)(j:  —  4)(j:  +  i)' 

14                •**  +  2JT  +  I 

<*-3)(*  +  3)(*-4>- 

le    7**  -  24**  +  60:  -  25 

(x  -  3)(jr  +  4)(2jr  +  i)' 
1x*  +  13*  +  9 

18               oar  +  II 

(2*  -  i)(x*  +  yc  +  4)' 

'•  (*  -  2)(*'  +  x  +  3)' 
on                  f 

CHAPTER   VII 
PLOTTING    OF  FUNCTIONS 

57.  Function. — Consider  the  following  table,  which  gives  the  value  of  the 
coefficient  of  friction  for  certain  bearings  at  different  speeds. 


Velocity  v.  ft.  per  min.  .     . 

i 

3 

5 

7 

10 

»5 

20 

Coefficient  of  friction  n  .     . 

0-15 

O'I22 

o'i04 

0'OQ2 

0-079 

o'o66 

o'O58 

We  have  here  two  variable  quantities,  M  and  f,  connected  in  such  a  way 
that  whenever  v  is  fixed  the  value  of  ^  is  also  fixed.     If  we  choose  any  value 


14 


1U 


13  20 


8  10  12 

Values  of  u 

Kir,.  40- 

of  vt  whether  given  in  the  table  or  not,  there  must  be  some  definite  value  of 
M  corresponding  to  it 
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We  express  this  relation  by  saying  that  /*  is  a  function  of  z/.  Plot  a 
number  of  points  on  squared  paper  having  values  of  v  for  their  abscissae  and 
values  of  /j.  for  their  ordinates  (see  §  12).  E.g.  in  Fig.  40  the  co-ordinates 
of  A  are  i  and  0-15,  the  co-ordinates  of  B  are  10  and  0-079. 

Draw  a  curve  through  the  points  thus  obtained.  Then,  if  we  choose  any 
value  of  i/,  the  probable  corresponding  value  of  n  is  given  by  the  ordinate  to 
the  curve  which  corresponds  to  the  chosen  value  of  the  abscissa  v  ;  e.g.  when 
v  is  8  we  find  that  the  ordinate  CN,  corresponding  to  the  abscissa  ON,  which 
is  equal  to  8,  is  equal  to  0*087,  •'•  A*  is  0^087  when  the  speed  is  8  feet  per 
minute.  We  say  that  the  curve  AB  represents  M  as  a  function  of  v.  All  the 
functions  with  which  we  shall  have  to  deal  can  be  represented  in  this  way  by 
continuous  curves,  and,  at  the  present  stage,  the  student  should  consider  the 
statement  that  y  is  a  function  of  .r,  as  meaning  that  values  of  y  can  be 
represented  by  the  ordinates  of  a  curve  for  which  corresponding  values  of  x 
are  the  abscissas. 

A  function  of  x  may  be  given  in  the  form  of  an  expression  in  terms  of  x. 
x3,  3-r6  +  zx2  +  i,  sin  (zx  +  i),  tan  (x  +  i)  are  functions  of  x,  for,  when  any 
value  of  x  is  chosen,  the  value  of  each  of  these  expressions  is  fixed,  and  from 
a  number  of  values  of  x  we  can  calculate  a  number  of  values  of  each  of  the 
above  functions,  and  so  plot  a  curve  giving  the  value  of  the  function  for  any 
value  of  x  between  two  chosen  values. 

It  is  not,  however,  necessary  that  we  should  know  any  formula  to  calculate 
y  in  terms  of  x.  We  may  have  merely  a  list  of  observed  values  of/  and  x, 
as  in  the  case  of  n  and  -v  above,  but  so  long  as  a  regular  curve  can  be  drawn 
to  show  the  connection  between  y  and  x  we  speak  of/  as  a  function  of  x. 

We  speak  of  y  as  the  dependent  and  x  as  the  independent  variable,  and 
if  the  connection  between/  and  x  is  given  by  an  equation  we  call  this  the 
equation  to  the  curve  representing/  as  a  function  of  x. 

If,  for  instance,  it  is  given  that  /  =  3-r3  —  2.r2  +  i,  we  can  calculate  a 
number  of  values  of  /  corresponding  to  selected  values  of  x,  and  thus  plot  a 
curve  representing  this  equation. 

58.  Interpolation. —  When  the  values  of  a  function  of  x  are  given  by 
tables  for  equal  intervals  in  the  value  of  the  independent  variable  x,  we  often 
require  to  find  values  of  the  tunction  between  the  values  given  in  the  tables, 
e.g.  the  table  of  sines  at  the  end  of  this  book  gives  the  values  of  sin  x  at 
intervals  of  one  degree  in  the  value  of  x;  we  often  require  to  use  this  table 
to  find  the  sines  of  angles  which  do  not  contain  an  exact  number  of  degrees. 
This  process  is  called  interpolation. 

If  the  difference  between  two  successive  values  of  x  is  small,  we  may 
plot  on  a  large  scale  points  representing  the  function  for  the  two  values  of  x 
given  in  the  tables  nearest  on  each  side  to  the  value  of  x  for  which  the 
function  is  required.  We  may  usually  assume,  if  the  values  given  in  the 
tables  are  sufficiently  close  together,  that  the  portion  of  the  curve  representing 
the  function  between  these  two  values  is  a  straight  line.  Joining  the  two 
points  we  may  obtain  from  the  straight  line  the  required  intermediate  value 
of  the  function.  This  is  equivalent  to  taking  a  small  portion  from  the  curve 
representing  the  function,  and  magnifying  it.  In  the  case  of  all  functions 
with  which  we  shall  have  to  deal,  the  portion  of  the  curve  taken  will  be 
approximately  straight  if  sufficiently  magnified. 

NOTE. — In  the  worked  examples  of  this  and  the  following  chapters  the  measure- 
ments are  taken  from  figures  drawn  on  squared  paper  on  a  much  larger  scale  than  can 
be  used  in  the  figures  of  this  book.  Owing  to  difficulties  of  reproduction,  the  small 
squares  of  the  squared  paper  have  not  all  been  shown.  The  student  should  in  all 
cases  draw  the  figure  for  himself  on  a  large  scale  on  paper  ruled  into  squares  by  thick 
lines  at  intervals  of  I  in.,  and  fine  lines  at  intervals  of  fa  in. 
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For  this  purpose  the  numerical  data  have  been  given  to  a  higher  degree  of 
accuracy  than  can  be  shown  in  the  figures. 

EXAMPLE  (i). — Find  the  values  of  sin  25-45°,  sin  42-36°,  sin  65-42°,  sin  81-83°. 

These  values  have  been  selected  so  as  to  test  the  accuracy  of  the  graphic  method 
of  interpolation  at  different  places  in  the  table  of  sines. 

From  the  tables  we  find  sin  25°  =  0-4226,  sin  26°  =  0*4384. 

Plotting  these  values  at  A  and  B,  and  joining  AB,  we  find  that  the  ordinate  to 
the  line  AB  at  the  point  corresponding  to  25-45°  is  0*4297. 


FIG.  41. 


The  value  given  in  more  complete  tables  is  0-42972. 

In  the  same  way  we  obtain  the  following  results,  which  the  student  should  verify 
by  plotting  the  points  for  himself : — 


Angle. 

Sine  by  plotting. 

Sine  from  tables. 

42-360 
65-42° 
81-83° 

0-6737 
0-9092 
0-9899 

0-67379 
0-90938 
0-98985 

Thus  the  error  is  in  none  of  these  cases  greater  than  o  0002,  or  about  o'O2 
per  cent. 

Since  the  same  table  is  used  to  find  cosines,  it  follows  that  we  may  rely  upon  it  to 
the  same  degree  of  accuracy  in  interpolating  values  of  cos  x. 
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EXAMPLE  (2). — It  is  fmwd  that  the  sine  of  a  certain  angle  is  0-4318,-  to  find  the 
angle. 

The  value  0-43  18  is  not  given  exactly  in  the  tables,  but  lies  between  sin  25° 
=  0-4226  and  sin  26°  =  0-4384. 

Plotting  these  values  as  in  the  last  example,  we  find  that  the  point  C  in  AB  has 
the  ordinate  0-4318.  The  abscissa  corresponding  to  this  is  25-58° 

.'.•0-4318  =  sin  25-58°. 


EXAMPLES.— XXXIII. 

Find  the  values  of  the  following  : — 

1.  Sin  27-45°  ;  sin  27-8°  ;  sin"1  0-4612  ;  sin"1  0-4570. 

2.  Sin  71-5°;  sin  71-32°;  sin"1  0-9500  ;  sin"1  0-9482. 

3.  €0557-6°;  cos  57-9°;  cos~l  0-5336  ;  cos"1  0-5417. 

4.  Tan  33'6°;  tan  33-25°;  tan"1  0-6523;  tan"1  O'66o2. 

5.  Sin  0-45°;  sin  1-45°;  sin  2-45°. 

6.  Express  34-25°  and  34*7°  in  radians,  and  O'6ooo  radian  in  degrees,  using  the 
tables  at  the  end  of  the  book,  and  a  graphic  method  of  interpolation. 

7.  Express  i"ig5  radians  and  2*3998  radians  in  degrees. 

8.  Find  the  value  of  log  12-8873,  having  given  log  12  88  =  1-109916,  log  12-89 
=  1-110253. 

9.  Find  log  10-7352,  given  log  10*73  =  1-030600  and  log  10*74  =  1*031004. 
10.   Find  the  values  of  cos  135*61°  and  cos~'(—  0-7167). 

59.  When  the  interval  between  the  given  values  is  not  comparatively 
small,  and  in  any  case  when  we  are  not  sure  how  far  it  is  accurate  to  take 
the  portion  of  the  curve  between  the  two  given  values  as  a  straight  line, 
we  may  plot  three  or  four  successive  values  from  the  tables,  and  draw  the 
curve  through  these. 


EXAMPLE. —  The  following  values  are  taken  from  a  table  of  cube  roots :— 


X 

6 

7 

8 

9 

& 

1-8171 

1*9129 

2'OO 

2*0801 

Find  the  values  qf**/6-2$  and  '^8*13. 

On  plotting  the  given  values  we  get  the  curve  AB  (Fig.  42).     A  and  B  are  the 
points  whose  abscissae  are  6*25  and  8*13. 

Reading  off  the  ordinates  at  A  and  B,  we  get 


=  1-841  ;    VS-T}  =  2-010 
The  correct  values  to  5  significant  figures  are 

V6-25  =  1-8420;    -VST}  =  2-0108 
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2-0 


/n 


^ 


ID 


18 


6-25 


8  813 


FIG. 


EXAMPLES.— XXXIV. 

1.   From  the  data  given  in  the  following  table,  find  the  values   of  78'&32  and 
79-31' :— 


jr 

78 

79 

80 

*« 

6084 

6241 

6400  • 

2,  From  the  following  data  find  the  values  of and : — 

404-64          406-15 


X 

404 

405 

406 

407 

I 
* 

0*002475248 

0-002469  I  36 

0-002463054 

0-002457002 
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3.  From  the  following  data  find  the  values  of  (2'253)7  and  (3-861)* 


X 

2        - 

3 

4 

X* 

-4 

9 

16 

4.  Given 

X 

10 

1  1 

12 

I 
or 

O'l 

0*090909 

0-083333 

Find  the  values  of 
5.  Given 

•013          1-127 

X 

4 

5 

6                         7 

X3 

64 

125 

216                     343 

Find  the  values  of  4-361'  and  5732'. 
0.  Given 


JC 

6 

7 

8 

9 

V* 

1-8171206 

1-9129312 

2'0 

2  0800837 

Find  the  values  of  J/6'25  and  V8'«3- 

7.  Given 

* 

6 

7 

8 

9 

J* 

2-4495 

2-6457 

2-8284 

3'o 

Find  the  values  of  V?'5  and  VS'25. 

60.  Graphic  methods  of  interpolation  may  be  used  to  solve  problems  like 
the  following : — 

EXAMPLE. —  The  proprietor  of  a  certain  patented  article  finds  that  the  number  -uuhick. 
hi  can  sell  at  various  prices  is  given  by  the  following  table  : — 
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Selling  price  in  pence  . 

6 

12 

18 

24 

30 
5600 

Number  sold     .... 

38,000 

35,000 

20,000 

8400 

Each  article  costs  him  sixpence  to  make. 

Plot  a  curve  to  show  the  probable  number  sold  at  any  price  from  6</.  to  2s.  &/.,  and 
find  the  number  which  he  will  probably  sell  if  he  fixes  the  price  at  is.  $d. 

Also  plot  a  curve  to  show  his  total  profit  at  any  price,  and  find  at  what  price  it  will 
be  most  profitable  for  him  to  sell  the  article. 

On  plotting  the  given  values  we  get  the  curve  A  (Fig.  43),  showing  the  number 
sold  at  any  price  from  &/.  to  2s.  6d.  The  number  sold  at  is.  $d.  is  given  by  the 
ordinate  at  A,  where  the  abscissa  is  16.  The  ordinate  at  A,  and  therefore  the 
probable  number  sold  at  u.  qd.,  is  26,000. 


275  x 10' 


50,000 


<0,000 


&  '30,000 


20,000  — 


10,000 


10 


15  2O 

Selling  Price  (pence) 

FIG.  43. 


250XJO' 


225X10' 


200x10' 


175X10' 


150x10' 


125  x  10* 


The  total  profit  at  any  price  is  found  by  multiplying  the  number  sold  at  that  price 
by  the  excess  of  the  price  over  6</. 

By  plotting  the  total  profits,  first  at  the  prices  given  in  the  table,  and  then  at  those 
points  where  it  is  seen  that  the  curvature  of  the  resulting  curve  will  be  greatest,  we 
obtain  the  curve  CB,  showing  the  total  profit  as  a  function  of  the  selling  price.  The 
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ordinate  is  greatest  at  C,  and  therefore  it  will  be  most  profitable  to  sell  the  article  at 
is.  qd.,  the  total  profit  at  that  price  being  about  ,£1080. 

EXAMPLE  (2). — //  is  required  to  devise  a  graduated  scale  of  income  tax,  so  that 
incomes  of  ,£160  shall  pay  nothing,  and  incomes  of  £jOO  shall  pay  is.  "2.J.  in  the  pound. 
All  other  incomes  are  to  be  taxed  according  to  a  linear  law  satisfied  by  the  two  given 
cases.  What  would  lie  the  tax  on  incomes  of  ^3°°>  £s°°>  and  J£IGOO  ? 

We  are  given  that  the  curve  connecting  income  and  rate  of  tax  is  a  straight  line. 
Taking  values  of  total  income  as  abscissae,  and  rates  of  income  tax  as  ordinates, 
and  plotting  the  two  given  cases,  we  get  the  points  A  and  B  (Fig.  44). 


25 

20 

n 

o 

§ 
^ 

*   15 
£ 
o> 

o 

o 

^   10 

•& 

£ 
£ 

5 

0 
( 

/ 

/ 

/ 

> 

/ 

S 

/ 

T" 

Q 

/ 

A/ 

/ 

3                 200               400              600               800           100 

Total  Income  (pounds) 
FIG.  44. 


The  straight  line   through  these  points  gives  the  proper    rate  of  tax    for  other 
incomes. 

From  the  figure  we  find  the  following  values  as  given  by  the  ordinates  at  the 
points  C,  D,  and  E. 

Income.  Rate  of  Income  tax. 


£ 
300 

500 

IOOO 


*.  d. 

o  3J 

0  8| 

1  91 


EXAMPLES.— XXXV. 

1.  The  following  table  gives  the  amount  which  ,£100,  accumulating  at  2}  per  cent, 
compound  interest,  will  reach  in  the  times  specified  : — 


Time  in  years      .... 

10 

20 

3° 

40 

50 

Amount  of  j£ioo     .     .     . 

128-01 

163-86 

209-76 

268-51 

3437' 

86 
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Plot  a  curve  to  show  the  amount  of  .£100  at  2j  per  cent,  for  any  number  of  years 
from  o  to  50. 

From  your  curve  find  the  amount  of  .£100  in  7  and  24  years  respectively. 

2.  S  is  the  distance  in  yards  at  which  a  train  can  be  stopped  on  the  level  when 
going  at  a  speed  of  V  miles  per  hour. 


V 

30 

40 

55 

60 

S 

too 

180 

340 

400 

What  is  the  distance  for  speeds  of  35  and  50  miles  per  hour? 

3.  A  steam  electric  generator  on  three  long  trials  is  found  to  use  the  following 
amounts  of  steam  per  hour  for  the  following  amounts  of  power : — 


Pounds  of  steam  per  hour      .     .     , 

4020 

6650 

IO,8OO 

I.H.P  

2IO 

480 

706 

Kilowatts  prod  need      

114 

29O 

435 

Find   the   I.H.P.  and  the  weight   of  steam  used  per  hour  when  330  kilowatts  are 
produced. 

(Board  of  Education  Examination  in  Steam,  1901.) 

4.  E  is  the  modulus  of  elasticity  of  wrought  iron,  in  grammes  per  square  milli- 
metre, at  temperature  /°  C. 


/ 

o 

20 

ICO 

2OO 

300 

E 

21,483 

21,441 

21,212 

20,458 

19,175 

What   are    the    probable   values    of    E   at    temperatures    of   50°,    150°,    and    250° 
respectively  ? 

6.  T  is  the  tensile  strength,  in  tons  per  square  inch,  of  steel  containing  x  per  cent, 
of  carbon. 


jr 

0*14 

0*46 

0-57 

0-66 

078 

o'8o 

0-87 

0-96 

T 

28-1 

33'8 

35-6 

40 

41-1 

45'9 

467 

527 

Plot  a  curve  to  show  as  accurately  as  the  data  will  allow  the  probable  tensile 
strength  of  steel  containing  any  percentage  of  carbon  from  o-i  to  I  per  cent. 

What  strength  would  you  expect  to  find  in  steels  containing  0^40  per  cent.,  and 
070  per  cent.,  of  carbon  respectively? 
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6.  S  is  the  sag  in  the  middle  of  a  i2O-foot  span  of  trolley  wire  of  copper,  0*4  in. 
in  diameter,  and  T  the  tension  at  temperature  t°  F. 


/°F 

0 

105 

152 

1  80 

S  inches 

3       . 

6 

9 

12 

Tibs. 

3,600 

1800 

1  200 

900 

Find  the  sag  and  the  tension  at  temperature  70°  F. 

7.  /  is  the  pressure  in  Ibs.  per  square  foot  of  saturated  steam  at  temperature  flr  C. 
Make  a  table  to  show  as  accurately  as-you  can  from  the  given  data  the  value  of  /  for 
every  exact  number  of  degrees  from  105°  to  125°. 


I 

105 

no 

"5 

120 

'25 

/ 

2524 

2994 

3534 

4152 

4854 

What  is  the  pressure  at  temperature  io3'4°?     At  what  temperature  is  the  pressure 
4320  Ibs.  ? 

8.  «  cu.  ft.  is  the  volume  of  I  Ib.  of  saturated  steam  at  pressure/  Ibs.  per  square 
inch. 


p 

60 

65 

70 

75 

So 

85 

u 

7-03 

6-52 

6'O9 

5-70 

5  '37 

5  '07 

What  are  the  volumes  at  pressures  6<)'2i,  79*03,  and  89*86? 

9.  H  is  the  horizontal  intensity  of  the  earth's  magnetic  field  in  latitude  50°  N.  at 
the  following  longitudes  : — 


Longitude 

10°  W. 

o 

10°  E. 

20°  E. 

30°  E. 

H 

181 

1  88 

»95 

2OI 

2!7 

What  is  the  probable  value  of  H  in  longitude  3°  W.,  and  15°  E. 

10.  The  following  table  gives  the  time  of  sunset  at  the  following  dates .— 


Jan.  i. 

Jan.  10. 

Jan.  16. 

Jan.  30. 

Feb.  5. 

3-59 

4-9 

4.18 

4.42 

4-53 

Plot  a  curve  to  show  the  time  of  sunset  on  any  day  in  January.     Find  the  times  of 
sunset  on  January  4th  and  January  2Oth. 
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11.  The  following  table  gives  the  expectation  of  life  of  males  at  all  ages  from  o 
to  100 :— 


Age     . 

0 

5 

10 

15 

20 

25 

3° 

35 

40 

45 

So 

Expec- 

tation 

of  life 

4i  '35 

50-87 

47-60 

43  '4  1 

39'4Q 

35-68 

32-10 

28-64 

2530 

22-07 

18-93 

Age      .     .     . 

55 

60 

65 

70 

75 

80 

85 

90 

95 

IOO 

Expectation  of 

* 

life    ... 

IS'95 

13'H 

10-55 

8-27 

6'34 

479 

3'5^ 

2-66 

2'OI 

l-6i 

What  is  the  probable  expectation  of  life  at  the  following  ages  :    7  years,   14  years, 
1 6  years,  and  43  years  ? 

12.  N  is  the  number  of  males  out  of  every  million  born  surviving  at  the  following 
ages: — 


Age. 

N. 

O 

1,000,000 

I 

836,405 

5 

723,716 

10 

689,857 

15 

672,776 

20 

651,903 

25 

624,221 

30 

595,089 

35 

564,44I 

40 

531,657 

What  is  the  probable  number  surviving  at  17  years  of  age  ? 

Out  of  1000  living  at  the  age  of  17  years,  how  many  will  probably  survive  at 
33  years? 

13.  An  examiner  has  to  give  marks  to  papers ;  the  highest  number  is  185,  the 
lowest  42.     He  desires  to  change  all  his  marks  according  to  a  linear  law,  converting 
the  highest  number  of  marks  into  250,  and  the  lowest  into  100  ;  show  how  he  may  do 
this,  and  state  the  converted  marks  for  papers  already  marked  60,  loo,  and  150. 

(Board  of  Education  Examination,  1902.) 

14.  £,r  is  the  total  return  in  money  obtained  from  a  certain  farm  when  £C  per 
annum  of  capital  and  labour  are  invested  in  it. 


c 

IOO 

150 

200 

250 

300 

350 

r 

60 

67 

95 

105 

108 

109 

Plot  a  curve  showing  tlie  probable  return  for  any  investment  from  .£100  to  .£350. 
What  is  the  probable  return  fo   an  investment  of  .£225  ? 
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15.  Green  peas  are  brought  into  the  market  of  a  county  town.  Early  in  the 
season  100  Ibs.  per  day  are  brought  in  and  sold  at  is.  per  Ib.  Late  in  the  season, 
when  peas  are  plentiful,  10,000  Ibs.  are  brought  in  and  sold  at  I  \J.  The  intermediate 
amounts  and  prices  are  given  in  the  following  table  : — 


Quantity  brought  into 

the  market    .     .     . 

IOO       . 

500 

1000 

2000 

5000 

lO.OOO 

Price  per  Ib.    .     .     . 

12 

6 

4 

3 

2 

l| 

Cost  of  growing  and 

marketing  per  Ib.  . 

4 

3'2 

2 

2 

If 

t| 

Plot  curves  to  show  the  price  and  cost  per  pound  for  any  supply  in  the  market  from 
100  Ibs.  to  10,000  Ibs. 

Also  plot  a  curve  to  show  the  total  profit  on  the  whole  amount  sold  for  various 
supplies.  What  quantity  must  the  producers  bring  into  the  market  so  as  to  make  the 
total  profit  on  the  whole  supply  the  greatest  possible  ? 

To  construct  the  last  curve  use  your  two  previous  curves ;  do  not  construct  it  from 
the  given  numbers  alone. 

16.  In  the  wholesale  wheat  market,  on  a  certain  date,  A  is  the  amount  which 
holders  of  wheat  will  be  willing  to  sell  at  a  price  /.  B  is  the  amount  which  buyers 
will  take  at  price/. 


/ 

3™. 

3Oj.  6d. 

3or. 

2gs.  6d. 

2$S. 

A 

292,000 

275.0°° 

250,000 

210,000 

150,000 

bushels 

B 

150,000 

183,000  • 

225,000 

280,000 

350,000 

bushels 

On  the  same  paper  plot  (i)  a  curve  to  show  the  price  required  to  call  forth  any 
supply  A  from  150,000  to  300,000  bushels  ;  (2)  a  curve  to  show  the  price  required 
to  cause  any  demand  B  from  150,000  to  350,000  bushels. 

The  market  price  tends  to  settle  at  that  value  for  which  the  amounts  supplied  and 
the  amounts  demanded  by  buyers  are  equal.  What  is  the  probable  market  price  in 
this  case  ? 


61.  The  Straight  Line. — Let  us  plot  the  curve  such  that  the  co-ordinates 
x  and/  of  any  point  on  it  satisfy  the  equation  y  =  ix  +  3. 

By  calculation  we  find  the  following  corresponding  values  of/  and  x. 


X 

o 

0-5 

i 

i'5 

y 

3 

4 

5 

6 

On  plotting  these  points  we  get  PB,  Fig.  45. 

This  is  a  straight  line,  and  we  shall  find  that  if  we  take  any  other  values 
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of  x  and  calculate/  the  corresponding  points  will  lie  on  the  same  straight 
line,  e.g.  when  x  =  075, y  =  4:5,  and  the  point  (075,  4*5)  is  found  to  lie  on 
the  straight  line  PB. 

It  can  be  proved  that  any  equation  of  the  first  degree,  such  as  y  —  mx  +  c, 
where  m  and  c  have  any  constant  numerical  values,  represents  a  straight 
line.  In  the  above  case  m  =  2,  c  =  3.  (Ex.  XXXVII.,  9.) 

A  straight  line  is  fixed  if  we  know  the  position  of  any  two  points  upon  it, 
and  we  can  find  the  equation  of  the  straight  line  from  the  co-ordinates  of  any 
two  points  upon  it. 

EXAMPLE. — Find  the  equation  of  the  straight  line  joining  the  points  (i,  3),  and 
(1*5,  2).  These  are  the  points  Q  and  R  in  Fig.  45.  > 

Let  the  equation  be  y  =  nix  +  c . 

Then,  since  the  point  (r,  3)  is  on  the  line,  the  values  x  —  \  and  y  =  3  must 
satisfy  the  equation ; 

.'.  3  =  m  +  f 

Similarly,  x  —  1*5  and^  =  2  must  satisfy  the  equation  ; 

.*.  2  =  I -5  m  +  c 

We  have  now  a  pair  of  simultaneous  equations  to  find  m  and  e, 

Solving  these  we  get  m  —  —  2,  c  =  5  ;  therefore  the  equation  to  the  straight  line 

QR  is_y  =  —  2x  +  5. 

To  verify  this  we  may  take  any  other  value  of  x,  calculate^  from  the  equation, 

and  find  whether    the   point   obtained   lies  on  the  straight  line ;  e.g.  when  x  =  2, 

y  —  —4  +  5  =  1,  and  we  find  that  the  point  S,  whose  co-ordinates  are  (2,  i),  lies  on 

the  straight  line  QR. 


EXAMPLES.—  XXXVI. 

Draw  the  straight  lines  represented  by  the  following  equations.  Calculate  the 
values  of  y  corresponding  to  ^wo  values  of  x  in  each  case  ;  draw  the  straight  line 
through  the  two  points  thus  obtained  ;  calculate  from  the  equation  the  value  of  y  for 
a  third  point,  and  verify  that  this  point  lies  on  the  same  straight  line. 


2.  y  =  4jr  +  2.  3.  y  —  x  —  I. 

4.  y  =  -  zx  +  2.  5.  y  =  -  3*  -  0/5.  6.  y  -  4*  -  4. 

I.  y—  i'4r  +  0-3.  8.  y  =  -  i  -4*  4-  0-3. 

Draw  the  straight  lines   through   the   following  pairs   of  points,  and  find   their 
equations. 

9.  (121,  59)  and  (128,  62).  10.  (I,  -5)  and  (4,  i). 

II.  (-2,  13)  and  (3,  -ia).  12.  (2,  -3)  and  (5,  -7). 
13.  (2,  i)  and  (-3,  4).  14.  (-2,  3)  and  (3,  -5). 
15.  (-5,  4)  and  (6,  3).  16.  (i,  5)  and  (-5,  23). 
17.  (11,  —  1*2)  and  (i  7,  -o'6). 

62.  To  find  the  Meaning  of  m  and  c  in  the  Equation  y  =  mx  +  c.— 
Plot  the  following  straight  lines  :  — 

(i)  y  =  IOJT  +  3  ;  (2)  y  =  2*  +  3  ;   (3)  y  =  o  X  x  +  3  ; 

(4)  y  =  -3*  +  3  ;  (5)  y  =  -  *°*  +  3 

These  equations  are  all  of  the  form  y  -  mx  +  f,  c  is  equal  to  3  in  all  oi 
them,  but  the  values  of  m  are  different. 

We  obtain  the  straight  lines  PA,  PB,  PC,  PD,  PE. 
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These  straight  lines  all  start  from  the  same  point  P,  where  y  =  3  on  the 
axis  of  y,  but  make  different 
angles  with  the  axis  of  x.  We 
notice  that  when  m  is  large 
the  line  slopes  steeply  up- 
wards. As  m  gets  smaller  the 
line  becomes  less  steep,  and 
when  m  is  zero  the  slope  of  the 
line  is  zero. 

When  m  is  negative  the  line 
slopes  downwards  as  x  in- 
creases. 

If  we  take  any  two  points  P 
and  A  on  a  straight  line,  and 
draw  lines  PN  and  AN  parallel 
to  the  axes  of  x  and  y  respec- 
tively, then  the  value  of  the 


fraction 


is  called  the  slope 
PN 


of  the  line  PA,  AN  and 
being  each  measured  on  the 
scale  proper  to  the  axis  to  which 
it  is  parallel. 

When    the    same    scale    is 

AN 

taken  on  the  two  axes  .^r.  is  the 
PN 

tangent  of  the  angle  which  the 
line  PA  makes  with  the  axis 
of  x.  We  may  note  that  when 
x  increases  by  the  amount  PN, 
y  increases  by  the  amount  AN, 
and  therefore  the  slope  of  the 
straight  line  measures  the  in- 
crease of  y  per  unit  increase  of 
x,  or  the  rate  of  increase  oi  y 
with  respect  to  x. 

We  tind,  by  measurement, 


FIG.  45- 


Slope  of  PA  =  -4-  =       10  =  m  in  equation  (i) 


PB  = 


2  =  m 


(2) 


PC 


PD  =  — -  -     —  3  =  m 

—  4. 

PE  =  —  -  =  -  10  =  m 
P'4 


(3) 
(4) 
(5) 


Similarly,  it  will  be  found  in  any  case  that  in  the  equation  y  =  mx  +  f, 
m  measures  the  slope  of  the  straight  line  represented  by  the  equation. 

To  find  the  meaning  of  c  we  note  that  if  we  put  x  =  o  in  the  equation 
y  =  mx  +  c,  we  get  y  =  c ,  and  therefore  c  is  the  value  of  y  when  x  =  o  ; 
i.e.  c  is  the  length  cut  off  on  the  axis  of  y  by  the  straight  linej'  =  tnr  +  c; 
e.g.  in  Fig.  45  all  the  straight  lines  cut  off  the  length  3  on  the  axis  of  yt  and 
c  —  3  in  all  the  equations. 
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EXAMPLES.— XXXVII. 

1.  Plot  the  straight   lines  y  =  zx  +  6;  y=2x+i;  y=2x-\:O;  y  =  2x  —  2; 
y  —  2x  —  6  ;  and  show  from  your  figure  that  in  each  case  c  is  the  intercept  on  the  axis 
of  y.     Since  these  lines  all  have  the  same  value  of  m,  we  should  expect  them  all  to 
have  the  same  slope,  i.e.  to  be  parallel.     Verify  this  from  your  figure. 

2.  Draw  the  following  straight  lines  :  y  =  xt  y  =  2x  —  5,  y  —  y  —  4,  y  =  —  3* 
+  2,  and  y  =  Sx  —  3,  on  the  same  sheet  of  paper,  and  verify  that  in  each  case  m  is 
the  slope  of  the  line,  and  c  is  the  intercept  on  the  axis  of_y. 

3.  Verify  by  measurement  that  the  slope  of  each  of  the  straight  lines  in  Examples 
XXXVI.,  I  to  8,  is  equal  to  the  value  of  m  in  its  equation. 

4.  If  V  is  the  volume  at  temperature  6°  C.  of  a  portion  of  gas  which  occupies 
100  cc.  at  o°  C.,  it  is  known  that  V  =  100  +  0*3670. 

Plot  a  curve  to  show  the  value  of  V  at  any  temperature  from  o°  C.  to  100°  C. 
Measure  the  slope  of  the  resulting  straight  line. 

W 

5.  The  length  /  of  a  brass  wire  under  a  tension  of  W  Ibs.  is  /  =  10  ^ . 

T  11,500 

Plot  a  curve  to  show  the  relation  between  /  and  W  from  W  =  o  to  W  =  70  Ibs. 
Since  this  equation  is  of  the  first  degree  the  resulting  curve  is  a  straight  line ; 
measure  its  slope,  and  show  that  the  slope  is  equal  to  the  value  of  m  in  the  equation. 

6.  R  is  the  electrical  resistance  of  a  copper  wire  of  I  mm.  diameter,  and  I  metre 
long,  at  temperature  0°  C. 

It  is  found  that  R  =  0*0203  (I  +  0*00410). 

Plot  a  curve  to  show  the  value  of  R  at  any  temperature  between  o°  C.  and  100°  C. 

7.  For  nickel  of  the  same  dimensions  the  corresponding  formula  is 

R  =  0-1568  (I  +  0*00620) 
Plot  a  curve  to  show  the  value  of  R  at  any  temperature  between  o°  C.  and  100°  C. 

8.  The  specific  heat  of  mercury  at  temperature  /  is  C«  =  0*03327  —  o'O592A 
Plot  a  curve  to  show  the  specific  heat  at  any  temperature  from  o°  C.  to  50°  C. 

9.  A,   B,  and  C   are  any  three  points  whose  co-ordinates  satisfy  the  equation 
y  =  mx  +  c.     Show  that  the  straight  lines  AB  and  AC  have  the  same  slope.     Note 
that  it  follows  that  all  points  whose  co-ordinates  satisfy  the  equation  y  =  mx  +  c  lie 
on  the  same  straight  line. 

63.  In  plotting  functions  the  following  order  is  usually  the  best : — 

(1)  Calculate  from  the  equation  the  values  of  y  for  the  two  extreme  values 
of  x  between  which  the  curve  is  to  be  drawn,  and  for  any  value  of  x  such 
as  o,  i,  etc.,  for  which  the  calculation  is  easy. 

(2)  Form  an  estimate  of  the  greatest  and  least  values  of^  that  will  occur  ; 
note  especially  whether  any  negative  values  of_y  occur. 

(3)  Choose  the  scales  for  the  two  axes  so  that  the  figure  will  be  extended 
over  the  paper  as  much  as  possible.     The  scales  need  not,  of  course,  begin 
at  zero. 

(4)  After  plotting  the  points  found,  calculate  intermediate  values,  taking 
these  nearest  together  where  the  curvature  is  greatest. 

64.  Curves  represented  by  the  Equation  y  =  ax". — We  shall  take 
examples  in  which  a  and  n  have  different  values. 

EXAMPLE  (i). — Plot  the  curve  whose  ordinate  and  abscissa  are   connected  by  the 
equation  y  =  x*  from  x  —  —  ^  to  x  •=•  +4. 
Here  a  —  I,  n  =  3. 
By  calculation  we  get  the  following  values  : — 


X 
X3 

-4 
-64 

4 

o 

i 

—  i 

2 

8 

—  2 

3 

27 

-3 

±o'S 

±i'S 

±2'5 

±3'S 

64 

0 

i 

—  i 

-8 

-27 

+0-125 

±3'375 

+  15-6 

±42-9 

Plotting  these  values  we  get  the  curve  in  Fig.  46. 
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The  true  shape  of  a  curve  represented  by  an  algebraical  equation  is  only  obtained 
when  the  same  scale  is  taken  on  both  axes,  but  for  practical  purposes  it  is  usually 
sufficient  to  have  a  curve,  from  which  the  values  of  y  can  be  read  off  for  any  value  of  x. 

To  do  this  it  is  not  necessary  to  use  the  same  scale  for  both  axes,  and  we  choose 
the  scales  independently,  as  in  Fig.  46,  to  suit  the  space  at  our  disposal.  In  curves 
of  the  classy  =  ax",  this  has  the  same  effect  as  altering  the  constant  a,  and  accordingly 
we  shall  usually  take  a  as  unity. 
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The  points  for  which  the  co-ordinates  were  actually  calculated  should  be  shown  by 
small  circles  or  crosses. 

EXAMPLE  (2). — Plot  Ike  curve y  =  *a-1  between  x  —  o  and  x  =  4. 

Here  a  =  I,  n  —  Z'\. 

Taking  logs  of  both  sides  of  the  equation,  we  get 

logy  =  2' I  log  x 
We  arrange  the  calculation  as  follows  : — 


X. 

log  .*. 

\Qgy  =  a'i  log  jc. 

y- 

0 

v 

O'OO 

I 

roo 

4 

0'6O2I 

1   264 

•8'37 

2 

•  0*3010 

0'632 

4-28 

3 

0-4771 

rooig 

10-04 

'•5 

o-i76i 

0-370 

2'34 

0-5 

i  '6990 

1-368 

0-233 

20 


15 


y 


2-5 


z 


I 


O         -5         1         1-5        2  3 

X 

Via  47- 
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Plotting  these  values  we  get  the  curve  in  Fig.  47.  A  lo-inch  slide  rule  will 
usually  be  found  sufficiently  accurate  for  all  calculations  needed  for  plotting  curves, 
unless  the  scale  is  very  large. 

EXAMPLE  (3). — Plot  the  curve y  =  zx-^from  x  =  0-5  to  x  =  4. 
We  have  by  calculation 


*. 

•       - 

2 

o 

0 

00 

4 

16 

£    =  0-I25 

I 

i 

2  "00 

2 

4 

o~5o 

3 

O"22 

S  =  o-89 

0-5 

0-25 

8-00 

07 

0-49 

4-09 

i*a 

!  -44 

»'39 

0-6 

036 

5'55 

y 


2 
FIG.  48. 


Any  curve  of  the  class  y  —  ax*  in  which  n  is  negative,  slopes  downwards  from 
infinity  as  x  increases  from  the  value  o. 
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EXAMPLE  (j).— Plot  the  curves  y  =  «*  and  y  -  x-  on  the  same  slieet  of  paper  from 
x  =  o  to  x  —  5. 


If/  =  x°  we  have,  taking  logs,  log/  =  §  log  x. 


-r. 

log  x. 

|  log  x  =  logjy. 

y- 

I 

__ 



I'OO 

O 

— 

— 

O'OO 

5 

O'699 

0-262 

1-83 

2 

0-3010 

0-113 

1-30 

3 

4 

o'47  7  i 

O'662I 

0-174 
O'226 

1-49 

1-68 

0'5 

1-699 

I-SS? 

0-77 

o'3 

1-477 

I-804 

0-64 

0-2 

1-301 

1738 

o'S5 

O'l 

ro 

I-625 

O'42 

FIG.  49. 


Plotting  these   numbers  we   get   the  curve  OA.     The  equation  y  -  xa  may   be 

fft  3 

„„.„,„  __  ,-,  and  thus  the  curve/  =  x*  may  be  obtained  from  the  curve/  —  x°  by 
exchanging  the  values  of*  and/  for  every  point  on  it.     We  thus  get  the  curve  OB. 

If  we  draw  a   straight  line   OC  through  the  origin  and  the  point  (i,    i),   the 
two   curves   are   symmetrical    about    the   line   OC.      Any  two  curves,  /  =  *"  and 

i 
y  —  •*•»,  are  symmetrical  about  the  line  OC. 
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EXAMPLES.— XXXVIII. 
Plot  the  following  curves : — 
1.  y  —  x*  from  x  =  —4  to  x  —  +  4.  2.  y  =  o'ljr4  from  x—  —4  to  x=  +4 

3.  y  =  O'ljr*  from  x  =  —4  to  x  =  +4. 

4.  y  =  5-r~J  from  JT  =  —2  to  a;  =  —  O'5,  and  from  x  =  +  o"5  to  JT  =  2. 

5.  y  —  2x~*  from  x  =  —2  to  x  =  — 0*5,  and  from  x  =  +  0-5  to  jr  =  2. 

6.  y  =  jr"1  from  jr  =  O'l  to  JT  =  10. 

1.  y  —  jc},  and/  =  jr  ,  from  JT  =  o  to  x  —  i'2  on  the  same  sheet  of  paper. 

4  3 

8.  y  —  x*,  and/  =  x*t  from  x  =  o  to  x  =  2. 

9,  y  =  *'*,  and  y  =  x     ,  from  a:  =  O  to  x  =  I'Oj. 

10.  y  =  2jr~1'37  from  x  =  O'l  to  x  =  10. 

11.  /  =  45a*~1''u  from  x  =  I  to  x  =  10. 

12.  y  =  x2  +  2x  —  3  from  .r  =  —  4  to  x  =  +  4. 

13.  y  =  x3'1  —  2.r26  from  x  =  3  to  x  =  5. 

14.  Draw  a  figure  showing  approximately  the  shape  of  the  curve  y  =  j",  when  n 
has  the  values  10,  2,  I,  ^,  1^J,  o,  —  ^,  — ^,  —  i,  —2,  — 10,  taking  the  same  scale  for 
x  and  y.     Show  all  the  curves  together  in  the  same  figure,  estimating  two  or  three 
values  of/  for  each  curve. 

15.  Plot  the  curve  y  —  -r*  on  a  large  scate  from  x  =  o  to  x  =  3*2.     By  means  of 
your  curve  construct  a  table  giving  the  square  roots  of  the  whole  numbers  from  I  to 
IO.     Also  find  the  square  roots  by  the  arithmetical  method,  and  compare. 

16.  Plot  the  curve/  =  x*  on  a  large  scale  from  x  =  o  to  x  —  2'2.     Construct  a 
table  giving  the  cube  roots  of  the  whole  numbers  from  I  to  10.     Also  find  the  cube 
roots  by  logarithms  and  compare. 


65.  We  shall  now  give  some  examples  of  practical  applications  of  the 
plotting  of  curves  of  the  class/  =  ax*  and  related  curves. 

EXAMPLE  (l). — A  uniform  beam  of  length  /,  fixed  at  one  end,  tupfor's  a  weight  VV 
at  the  other.     The  deflection  y  at  a  distance  x  from  the  fixed  end  is  given  by  the  formula 

W 
y  —  pry  (\lxt  —  ^x3).     E  and  I  are  constants  depending  on  the  material  and  shape  of 

the  beam. 

Construct  a  curve  to  show  the  deflection  at  any  point  of  a  beam,  loft,  long,  which  is 
deflected  \  ft.  at  the  free  end. 

W 

Here  /  =  10,  and,  to  find  the  constant  — -,  we  have,  when  x  =  10,  y  —  I 

£1 

W     looo 
.*.  substituting  I  =  -— -  . 

w     EI      3 

^  =  0-003 

We  have  to  plot  the  curve/  =  O'OO3(5.*2  —  ^x*). 

This  should  be  done  on  a  large  scale.     The  calculation  should  be  set  down  as 
follows : — 


X. 

S*1- 

^ 

6 

*—;- 

y- 

o 

— 

— 

— 

O'O 

10 

— 

— 

— 

ro 

I 

5 

O'i6 

483 

o'oi4 

3 

45 

4'  5 

41-5 

o'i  24 

5 

i25 

208 

IO4'2 

0-312 

7 

245 

57-0 

188-0 

0-564 

8 

320 

85-0 

235-0 

0-705 

9 

405 

121  'O 

2i>4  'O 

0-852 

9s 
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The  shape  of  the  beam  is  shown  in  Fig.  50. 

If  we  require  the  curve  to  show  the  deflection  at  any  point,  an  1  not  the  actual 
shape  of  the  beam,  we  can  plot  the  deflection  y  on  a  larger  scale  than  the  length  *. 


FIG.  50. 

EXAMPLE  (2). — If  the  mixture  in  a  gas-engine  expands  without  gain  or  loss  of  heat, 
it  is  found  that  the  law  of  expansion  is  given  by  the  equation  pvl'a  —  constant,  where 
p  is  the  pressure  and  v  the  volume. 

Plot  a  curve  to  show  the  pressure  at  any  volume  as  the  gas  expands  from  v  =  ll  to 
v  =  23,  having  given  that  p  =  i8S'2  when  v  —  il. 

Problems  dealing  with  this  subject  are  sometimes  treated  as  though  the  gas  expanded 
according  to  Boyle's  law,  i.e.  as  though  pv  =  constant. 

On  the  same  paper  plot  a  curve  to  show  the  pressure  at  any  volume  as  the  gas  expands 
according  to  the  law  pv  =•  constant,  starting  with  ttie  sa.ne  values  of  p  and  v. 

We  have  pvvy!  —  C 
Taking  logs, 

log/+  i'37  log*  =  logC 
When/  =  iSS'2,  v  —  \\,  then  log/  =  2-2747,  l°g  v  —  1*0414 

.'.  log  C  =  2-2747  +  1-427  =  37017 
From  this  we  get 

log/  =  37017  -  ' '37  logz- 

and  the  values  of/  can  be  calculated  as  follows  : — 


V 

II 

12 

13 

'4 

16 

18 

20 

23 

log» 

— 

I-0792 

I-II39 

1-1461 

1-2041 

i  '2553 

I-30IO 

1-3617 

log/ 

— 

2-223 

2-175 

2-131 

2-052 

1-982 

I-9I9 

1-837 

/ 

188-2 

167-1 

149-6 

135-2 

112-7 

95'8 

83 

68'7 

If  the  gas  expands  according  to  Boyle's  law  we  have  pv  —  constant  =  C(. 
To  find  €„  we  have  when  v  —  1 1,  /  =  l88'2. 

.'.  C,  =  ii  X  i88'2  =  2070 

2070 
/.  pv  =  2070 ;  /  =  -^- . 

The  values  of/  can  now  be  calculated  as  follows : — 


f 

II 

13 

»5 

I? 

19 

21 

23 

/ 

188-2 

I59'9 

138 

121-8 

109 

98-6 

90 
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The  two  curves  obtained  by  plotting  these  two  sets  of  corresponding  values  of  / 
and  v  are  shown  in  Fig.  51. 
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FIG.  51. 
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The  following  example  is  of  special  interest  to  students  of  chemistry  and  physics. 

EXAMPLE  (3). — Boyle's  law  states  that  a  gas  at  constant  temperature  expands 
according  to  the  law  pv  =  C,  or,  if  we  choose  suitable  units,  pv  =  I.  When  the  gas  is 
near  to  the  liquid  state  this  equation  ceases  to  be  sufficiently  accurate.  According  to 
van  der  Waals,  a  moi  e  exait  law  is 


where  a  and  b  are  small  constants  and  t  is  the  letnperature  centigrade. 

For  carbon  dioxide  a  =  O'oo874,  b  —  O'OO23. 

Plot  a  curve  showing  the  relation  between  p  and  v  from  v  =  o  004  to  v  =  O  03  for 
the  case  t  =  o. 

Also  plot  the  curz'e  pi'  =  I  on  the  same  paper,  and  com  fare. 


100 
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We  have 


p  + 


P  = 


("  -  0-0023)  =  j 
0-00874 


r  —  0*0023 
Values  of/  are  calculated  as  follows  :  — 


V. 

I 

0*00874 

V* 

I        0-00874 

v  —  0-0023 

f-ooo23           v*       ~* 

O'oo4 

588-3 

546-2 

42-1 

0-030 

36-1 

9-71 

26-39 

0-005 

370-3 

349  '6 

2O'7 

0-006 

270-2 

243-0 

27-2 

0-008 

I75'4 

136-6 

38-8 

O'OIO 

129-8 

87-4 

42-4 

0*015 

78-7 

38-4 

40-3 

O'O2O 

56-5 

21-8 

347 

0-025 

44-05 

13-98 

30-07 

0-005 


001 


0015 

Values  of  o 
FIG.  52. 
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0025 


009 


The  curve  obtained  by  plotting  these  values,  and  also  a  portion  of  the  curve 
pv  =  l,  is  shown  in  Fig.  52. 

EXAMPLE  (4)—^    wrought-iron    tube  of  \in.  radius   inside,    and   T.-in.    radius 
vuistde  ,s  subjected  to  a  Jluid  pressure  0/6000  its.  per  square  inch  inside.     If  the  pressure 
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an  the  outside  is  o,  draw  a  curve  showing  the  tensile  stress  (—  q)  at  all points  within  the 
material  of  the  tube.     Given  /  =  a  +  — ,  q  •=.  a  —  -5 ,  where  a  and  b  are  constants,  r  is 

the  distance  from  the  centre  of  the  tube,  and  p  is  the  pressure  on  the  inside  or  outside  of 
the  tube. 

To  find  a  and  6,  we  have 

when  r  =  I,  p  =  6000  ;  when  r  —  3,  p  —  o 

/.  substituting     6000  =  a  +  b  ;  o  =  a  -\ 

/.  f  b  =  6000 ;  b  =  6750 

a  =  -  750 
We  can  now  calculate  the  values  of  —  q  for  different  values  of  r  from  the  formula 

-?=75o  +  ^ 


%000 


i  2  a, 

Distance  from  centre  of  tube  (inches) 
r».  M. 
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EXAMPLES.—  XXXIX. 

1.  Plot  the  following  curves  together  on  the  same  sheet  of  paper,  from  v  =  I  to 
v  —  10,  taking  values  of  v  as  abscissae  and  values  of/  as  ordinates  :  — 

/z/i'«  =  C,,  fv1"3  =  C2,  /z/0"*  =  C,,  pv  =  C«,  where  C,,  C2,  C,,  C4,  are  constants. 
In  every  case  it  is  given  that  /  =  3000  when  v  =  i. 

2.  The  relation  between  the  pressure  in  pounds  per  square  inch  and  the  volume  in 
cubic  feet  of  one  pound  of  saturated  steam  is  given  by  the  equation  pul'(>tM  =  479. 

Plot  a  curve  to  show  the  pressure  for  any  volume  from  u  =  4*57  to  u  =  25  '87. 

3.  If  /is  the  absolute  temperature,  and  v  the  volume  of  a  gas,  then  in  adiabatic 

expansion,  tvt~   —  constant. 

Plot  a  curve  showing  how  v  depends  upon  /  for  air  (7  =  1*41)  from  /  =  300  to 
t  =  400,  having  given  that  v  —  \  when  t  =  400. 

4.  If/)  is   the   pressure  and  /  the  absolute  temperature  of  a  gas  in  adiabatic 

JL 
expansion,  then  /'   */  =  constant. 

Plot  a  curve  to  show  how  /  depends  upon  /  for  air  from  /  =  300  to  /  =  400, 
having  given  that/  =  35°o  when  /  =  400;  7  =  i'4L 

6.  D  is  the  diameter  of  a  wrought-iron  shaft  to  transmit  indicated  horse-power  H 
at  N  revolutions  per  minute. 

D=  ~ 

Plot  a  curve  showing  the  relation  between  D  and  H,  from  I!  =  to  to  II  =  80, 
when  N  is  100  revolutions  per  minute.  From  your  curve  find  the  diameters  for 
horse-  powers  of  27  and  63. 

6.  The  British  Association  rule  for  pitch  and  diameter  of  screw  threads  for  instru- 

ments is  d  =  6/s,  where  d  is  the  diameter  and  p  the  pitch. 

Plot  a  curve  to  show  the  diameter  for  any  pitch  from  0*004  to  O'O2. 

7.  The  tensile  stress  (—  q}  in  a  certain  cylinder  is  given  by  —  q  =  4680  H  --  '^  — 

Plot  a  curve  showing  the  value  of  —  q  for  any  value  of  r  from  3  to  5. 

8.  A  tube  3  ins.  internal  and  8  ins.  external  diameter  is  subjected  to  a  collapsing 
pressure  of  5  tons  per  square  inch  ;  show  by  curves  the  radial  and  circular  stresses 
everywhere. 

Given  that,  at  a  point  distant  r  inches  from  the  axis  of  the  cylinder, 

T> 

the  radial  stress  /  =  A  +  -3 
the  circular  stress  q  =  A  —  -5 

Note  that  /  is  5  tons  per  square  inch  when  r  =  4  ins.,  and  /  =  o  when  r  =  I  "5  ins. 
(Board  of  Education  Examination  in  Applied  Mechanics  ,  1  901.) 

8.  In  the  case  of  a  uniform  beam  of  length  /  fixed  at  one  end,  and  carrying  a 
uniformly  distributed  load  w  per  unit  length,  the  deflection  y  at  the  distance  x  from 
the  fixed  end  is  given  by 


Draw  a  curve  to  show  the  deflection  at  any  point  of  a  beam  10  ft.  long  which  is 
deflected  i  ft.  at  the  free  end. 

10.  The  deflection^'  at  a  distance  x  from  the  middle  of  a  uniformly  loaded  beam 
supported  at  the  two  ends  is  given  by 


y  is  measured  upwards  from  the  level  of  the  middle  of  the  beam. 
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Plot  a  curve  to  show  the  slnpe  of  the  beam,  given  /  —  10  ft.,  deflection  at  the 
middle  =  I  ft. 

11.  The  equation  to  a  parabola  is/2  =  $ax. 

Plot  this  between  x  =  O  and  x  =  4,  for  the  cases  where  a  =  I,  a  =  2,  a  =  3. 

x2      y* 

12.  The  equation  to  an  ellipse  is-^  +"^  =  I. 

Plot  the  whole  curve  for  the  following  cases  :  a  —  3,  3  =  2;  a=  3,3=1;  0  =  4, 

13.  The  equation  to  a  hyperbola  is  —  —  •£  =  I. 

a-      b* 

Plot  the  curve  from  x  =  —  12  to  T  =  +  12  for  ;he  same  values  of  a  and  3,  as  in 
example  12. 

14.  C;  Iculate  the  amount  of  ^100  at  3  per  cent,  compound  interest  in  5,  10,  15, 
ami  20  years. 

Plot  a  curve  from  these  values  to  show  the  amount  for  any  number  of  yenrs  from 
I  to  20.  From  your  curve  find  (i)  the  amounts  of  ,£1°°  in  3  and  7  years  respectively, 
(2)  in  how  many  years  would  .£520  amount  to  £611  ior. 

15.  The  present  value  of  an  annuity  of  £P  per  annum  for  n  years,  with  interest  at 
r  per  cent.,  is  given  by 


Plot  curves  showing  the  present  value  of  an  annuity  of  £l  (a)  at  3  per  cent,  per 
annum,  for  periods  varying  from  I  year  to  50  years  ;  (6)  for  30  years  at  rales  varying 
from  I  to  5  per  cent. 

16.  The  velocity  v  ft.  per  second  at  which  water  will  flow  through  a  pipe  of 
diameter  d  ft.  with  a  fall  of  I  in  10  is  given  by  the  empirical  formula 


Plot  a  curve  to  show  the  value  of  v  for  pipes  from  I  in.  to  12  ins.  diameter. 
From  your  curve  read  off  the  velocity  for  a  pipe  of  2'5  ins.  diameter. 

17.  The  following  formulae  have  been  given  for  the  shape  of  high  dams  in  masonry 
for  reservoirs  : 


=  V   P  +  O^ST  '^p*")4 


x  is  the  vertical  depth  below  the  surface  of  the  water  in  feet. 

y  is  the  horizontal  distance  of  a  point  on  the  outer  face  from  a  vertical  line  through 
the  top  of  the  inner  face. 

8  is  the  horizontal  distance  of  a  point  on  the  inner  face  from  the  same  vertical  line. 

P  =  maximum  pressure  allowed  in  tons  per  square  foot. 

Plot  curves  to  snow  the  cross-section  of  the  inner  and  cuter  faces  of  the  dam  from 
r  =  40  to  x  =  160.     Maximum  pressure  allowed  =  7  tons  per  square  foot. 

18.  e  is  the   commercial   efficiency  of  an  electric   motor  when   the   current    is 
I  amperes 

El  -  IV  -  P, 
El 

For  a  certain  motor  E  =  122*4  ;  r  =  0*024  ;  Pt  =  2887. 

Plot  a  curve  to  show  the  efficiency  for  all  values  of  I  from  40  amperes  to  160 
amperes.     By  means  of  your  curve  find  the  efficiency  for  a  current  of  86  amperes. 

19.  The  current  I  amperes  required  by  a  motor  of  the  same  type  as  in  the  last 
question  for  a  load  P,  watts  is  given  by  the  formula 


T04 
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For  n  particular  motor  the  full  load  is  746  x  15  watts,  E  =  125,  ra  =  0-024, 
P,  =  2000. 

Plot  a  curve  to  show  the  current  taken  for  any  load  from  one  quarter  of  the  full 
load  to  ij  times  the  full  load.  What  current  would  be  taken  for  f  load  and  for 
1}  load? 

20.  T  is  the  rise  in  temperature  in  degrees  Fahrenheit  of  an  electric  transformer 
when  m  watts  are  wasted  per  square  inch  of  cooling  surfaces. 

For  an  air-cooled  transformer  T  =  yx>m*. 

For  an  oil-cooled  transformer  T  =  22t>m*. 

Plot  on  the  same  sheet  two  curves  to  show  the  value  of  T  in  air  and  oil-cooled 
transformers  respectively,  for  any  value  of  m  between  m  =  o,  and  m  =  0*4. 

What  is  the  waste  in  watts  per  square  inch  for  a  rise  in  temperature  of  60°  for  an 
oil-cooled  transformer?  (W.  B.  Woodhouse,  Electrician,  Feb.  15,  1901.) 

21.  w  is  a  certain  linear  dimension  used  to  determine  the  size  of  a  transformer 
core.     S  is  the  corresponding  area  of  the  cooling  surface. 

The  outside  breadth  of  the  core  =  3'2w  +  I  in. 
The  outside  length  of  the  core  =  4'6w  +  4  ins. 

S  =  145-5?^  +  I2ow 
weight  of  iron  =  Z'O'jw*  + 


On  the  same  sheet  plot  curves  to  show  the  cooling  surface  and  the  weight  for  all 
values  of  w  from  o  to  6  ins. 

By  means  of  your  curve  find  the  length  and  breadth  of  a  core,  and  the  weight  of 
iron,  to  give  a  cooling  surface  of  2140  sq.  ins. 

(W.  B.  Woodhouse,  Electrician,  March  I,  1901.) 

66.  Compound  Interest  Law  y  —  ae**.  —  In  nature  we  often  meet  with 
related  pairs  of  quantities  which  obey  a  law  of  the  formy  —  ae**. 

a  and  b  are  constants,  and  the  quantity  e,  which  is  the  base  of  Napierian 
logarithms,  is  numerically  equal  to  2*7183  ....  The  nature  and  importance 
of  this  quantity  e  will  be  more  fully  explained  in  Chapter  XXIX.  It  can  be 
shown  that  when^  and  x  are  related  by  the  above  law,  the  rate  of  increase 
of  y  per  unit  increase  of  x  is  proportional  to  y,  so  that^  increases  relatively 
to  j-,  like  a  sum  of  money  at  compound  interest  if  the  interest  is  added  to  the 
principal  continuously  instead  of  once  a  year. 

The  lawj/  =  aebl  is  called  the  compound  interest  law. 

We  shall  first  take  the  case  where  a  =  i,  b  —  I. 

EXAMPLE  (i).  —  Plot  the  curve  y  =  e*from  x  =  —  4  to  x  =  2. 
Taking  logs  of  both  sides  of  the  equation^  =  e* 

we  have  loglcy  =  x  log,0<r  =  0*4343.* 


X. 

o-4343-*  =  'og>. 

y- 

O 

ro 

I 

— 

2-718 

2 

0-8686 

7  '390 

-  4 

2-2628 

0-018 

—  i 

— 

0-368 

—   2 

— 

0-135 

-  3 

2  '697  1 

0*0498 

0-4 

0'1737 

1-490 

i*4 

0-608 

4*050 

-0-4 

— 

0-670 

Plotting  these  values,  we  get  the  curve  A  (Fig.  54). 


Plotting  of  Functions  105 

NOTE  I. — Since  f~*  —  -,  the  values  of/  when  x  —  —  i,  x  —  —  2,  and  x  =  —  O'4 

in  the  above  table,  need  not  be  calculated  directly  by  logarithms,  but  are  the 
reciprocals  of  the  values  of/  for  x  =  i,  x  =  2,  and  x  =  o-4.  Similarly  in  any  case 
the  values  cf  /  for  negative  values  of  x  are  the  reciprocals  of  the  values  of  /  for 
positive  values  of  x. 

NOTE  2. — The  value  of  a  in  the  equation  v  —  a^*  only  affects  the  vertical  scale 
on  which  the  curve  is  plotted. 

NOTE  3. — When  we  have  plotted  the  curve  /  =  «**  for  any  value  of  JT,  the  curve 
y  —  e-tx  mav  easily  be  obtained  from  it.  The  equation  may  be  written  /  =  <•*<-*', 
and  may  be  obtained  from  the  equation  /  =  ***  by  substituting  —  x  for  x.  Therefore, 


if  for  every  ordinate  we  mark  off  abscissae  equal  in  numerical  magnitude,  but  in  the 
opposite  direction  to  the  abscissae  of  the  curve  y  =  <•*,  we  shall  obtain  the  curve 
y  =  <-*«. 

The  curve  y  =  e~x  is  given  in  Fig.  54,  e.g.  we  found  that,  in  the  curve  y  =  t*, 
when  y  =  2*718,  x  =  I.  Therefore,  in  the  curve/  =  e~*t  when/  =  2-718,  x  =  —  I. 

We  thus  obtain  the  point  B  in  the  second  curve  from  the  point  A  in  the  first  curve, 
and  so  on. 

Note  that  the  curve  y  =  t~bx  is  the  reflection  of  y  =  «**  in  a  mirror.  The  two 
curves  are  symmetrical  about  the  axis  of  y.  They  are  related  in  the  same  way  as  a 
piece  of  writing  and  its  imprint  on  blotting  paper. 


io6 
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Also  since  e~**  =  -^  we  might  plot  the  curve  y  —  e-**  by  finding  the  reciprocals  of 

the  ordinates  of/  =  e** 

NOTE  4.  —  When  y  =  e*  we  have,  by  the  definition  of  a  logarithm,  jr  =  log^y,  so 
that  the  curve  y  —  e*  may  also  be  used  to  find  logarithms  to  base  f,  e.g.,  to  find  log.,3  ; 
we  see  by  inspection  of  Fig.  54  that  when  y  =  3,  x  =  I  'I,  therefore  log,  3  =  ri. 
Similarly  we  find  log«  i'5  ==  0*4.  These  values  are  correct  to  two  places  of  decimals, 
the  true  values  being  I'ogS  and  O'4O5. 

By  drawing  a  portion  of  this  curve  on  a  large  scale  we  might  use  it  to  find 
logarithms  to  base  2  to  any  desired  degree  of  accuracy.  This  is  merely  given  as  an 
illustration  ;  it  is  not,  of  course,  an  independent  way  of  calculating  logarithms  to  base 
e,  as  we  have  used  a  table  of  logs  to  construct  the  curve. 


EXAMPLE   (2).  —  Plot  the  curves  y  -  r,  y  —  *~~ 
x  —  —  3  and  x  =  +  3  on  the  same  fa  per  \  and  compare. 


y  —  <,  y  -  e 


between 
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logy  =  %x  log  e  = 


X. 

0-1448^  =  log  y. 

y- 

0 

ro 

3 

— 

2718 

-3 

— 

0-368 

i 

0-1448 

1-396 

2 

0-2896 

1-948 

—   I 

i'8552 

0-716 

—  2 

17104 

o'5'3 

Note   that   there   are  always   three   points  in  the   curve  y  =  e**  which   may  be 
found    very    easily.       When   x  =  o,    y  =  I  ;    when   x  =  - ,    y  =  e  =  2*718  ;    when 

,=  -!,,  =  ^'  =  ^  =  0-368. 

These  points  should  be  plotted  first,  to  gain  a  general  idea  of  the  shape  of  the  curve. 

i^     B  —  1 r 

The  reflection  of  y  —  e     gives  y  —  e       . 


Taking  logs, 


=  3-r 


-r. 

1-303*  =  logy. 

y- 

O 

— 

ro 

i 

— 

2-718 

-1 

— 

0-368 

I 

i'3°3 

20-  1 

O'l 

0-1303 

i  '35 

-  O'l 

1-8697 

0-7408 

-  I 

2-697 

0-05 

—  2 

3  '394 

0-0025 

0'7 

0-9121 

8-168 

-07 

7-0879 

OT22 

0-5' 

0-6515 

4-472 

-o'S 

i  '3485 

0-223 

The  reflection  of  the  curve  thus  obtained  is  the  curve/  =  ^-* 


67.  Any  curve  whose  equation  is  of  the  form  y  —  c *  where  c  is  any 
number,  belongs  to  the  class  here  considered  ;  for,  by  the  definition  of  a 
logarithm,  <H°*«e  =  c. 

:.  c  =  fto*,d* 

and  the  equation  y  =  c*  may  be  written  y  =  #(lo««<>>*,  which  is  of  the  form 
y  —  e**  if  b  =  log,  c. 

For  example,  log,  10  =  2*3026  ;  i.e.  e-™*3  =  10,  sc  that  the  equation 
y  =  io*  may  be  written  y  =  &"****. 

Thus  the  curve  y  =  10*  is  the  same  as  y  =  e**  for  the  case  when 
b  =  2'3026. 

In  the  curve  y  —  10",  x  —  log,0/,  and  the  curve  may  be  used  to  find 
common  logs  if  drawn  on  a  sufficiently  large  scale. 


EXAMPLES. — XL. 

1.  Plot  the  curves  y  =  f*  andy  =  e-**  between  x  •=  —  I  and  x  —  +  i. 

2.  Plot  the  curves  y  =  r*  and  y  =  e       between  x  =  —  4  and  x  =  +  4,  and 
the  same  paper  plot  the  curve  y  —  e**  for  the  case  when  b  =  o. 
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3.  Plot  the  curves  y  =  e10*,  y  —  e~l0x,  y  =  e^1,  y  =  e  A*,  between  x  —  —  i"i  and 
*=+!•!. 

4.  Plot  the  curves  y  =  e*z,  y  —  ^45JC,  y  =  f,  on  (he  same  paper  between  x  —  o 
and  x  =  I. 

5.  Plot  the  curves  y  =  £*,  y  =  2<at,  y  =  3<?2J,  on  the  same  scale  between  x  =  o 
and  x  =  2. 

6.  Find  the  values  of  10  ,  10*,  10*,  10**,  by  finding  square  roots  in  succession 

without  using  logs.  By  multiplying  these  values  obtain  icr,  10%  10',  etc.  .  .  . 
Using  these  values  plot  the  curve  y  —  10*  from  x  =  o  to  x  —  \.  From  your  curve 
find  the  common  logarithms  of  2,  3,  4,  5,  6,  7,  8,  9  ;  and  compare  them  with  the 
values  given  in  the  tables. 

68.  We  shall  now  give  some  examples  of  curves  of  type/  =  a^11,  which 
occur  in  physical  science. 

EXAMPLE.  —  Newton's  law  of  cooling. 

A  body  is  heated  to  a  temperature  0,°  above  the  surrounding  bodies,  and  suspended  in 
air.  Its  excess  of  temperature  6°  at  any  time  t  seconds  afterwards  is  given  by  6  =  0\e~at, 
where  a  is  a  constant.  For  a  certain  thermometer  bulb  suspended  in  air,  it  was  found 
that  a  —  O'OI55,  0]  =  I9'32°.  Plot  a  cut-ve  showing  the  temperature  at  any  time  t. 


We  have  0  =  elf~at  =  i 
.'.  log,.  8=  -  o-oiSS/  X  log,,  f  +  log,.  19-32 
=  —  o'oo673/  +  1-2860 


t. 

—  0-00673  J. 

—  o'oo673/+r286o=log#. 

0. 

o 

19-32 

10 

—  0-0673 

1-287 

i6'55 

20 

-0-1350 

I-I5I 

14-16 

30 

—0-2025 

I-0835 

I2'I2 

40 

—0-2700 

IXJI60 

IO-38 

60 

—0-4050 

0-88  r 

7'59 

80 

—  0-5400 

0-746 

5'57 

100 

-0-675 

o*6n 

4-08 

1  20 

—  0-810 

0-476 

2-99 
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69.  The  Catenary.  —  The  form  of  a  uniform  flexible  cord  or  wire,  such 
as  a  telegraph  or  trolley  wire  suspended  between  two  fixed  points,  is  given 
by  the  equation 


,  horizontal  tension 

where  c  =  .  —  —  r—  —  ,—•  -.  — 

weight  per  unit  length  of  wire 

This  curve  is  called  the  catenary. 

EXAMPLE.  —  A  copper  wire,  weighing  0-405  Ibs.  per  yard,  is  suspended  between  her- 
points,  2O  yds.  apart,  under  a  tension  0/5-06  Ibs.     Plata  curve  to  show  its  shape. 


Here,  =      2     =  ,2-5 
0-405 


We  shall  first  plot  the  curve 
in  which  c  —  I. 


Z 


o 

FIG.  57. 
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In  this  case  y  is  the  arithmetic  mean  of  the  ordinates  of  the  curves  y  =  f  and 
y  =  f~*-  Accordingly,  we  plot  these  two  curves  as  in  example  I,  p.  104,  and,  by 
bisecting  the  ordinates  intercepted  between  them,  obtain  points  on  the  required 
catenary.  We  shall  only  require  the  portions  of  these  curves  between  •*•=  +  !, 
which  we  plot  on  a  large  scale. 

If  we  suppose  that  the  unit  length  on  the  axes  of  x  and_y  in  Fig.  57  now  repre- 
sents 2  instead  of  i,  then,  for  any  point  on  the  curve,  the  value  of  y  measured  on  the 
old  scale  is  half  of  the  value  of  y  on  the  new  scale,  and  similarly  for  x. 

But  the  values  of  x  and  y  on  the  old  scale  were  connected  by  the  equation 

y  =  *(*  +  <-*) 

therefore,  if  measured  on  the  new  scale,  they  satisfy  the  equation 


Similarly,  if  we  suppose  that  the  unit  length   on  the  axis  in  Fig.  57  represents  a 
length  c,  the  equation  to  the  curve  is  now 


In  the  given  case,  c  =  12  '5,  and  therefore  the  unit  on  the  axes  must  represent 
12-5  yds. 

2O 

The  span  of  20  yds.  is  represented  by  AB  =  -        =  I  '6  units,  and  the  shape  of 

the  wire  is  shown  by  the  portion  of  the  curve  between  A  and  B. 

To  represent  a  practical  case,  such  as  that  of  telegraph  wire,  having  a  span  of 
100  yds.,  and  tension  506  Ibs.,  we  should  have  c  =  1250  ;  and  therefore  the  span  would 
be  represented  by  ^^  =  o-o8  unit  in  Fig.  57.  To  show  this  we  should  have  to 
draw  on  a  large  scale  a  small  portion  of  the  curve  where  it  crosses  the  axis  of/. 

EXAMPLES.  —  XLI. 

1.  The  excess  fl  of  the  temperature  of  a  body  above  that  of  its  surroundings  at  time 
/  seconds  is  given  by  the  equation  0  =  0,i?~ot,  where  0,  and  a  are  constants. 

If  0  —  26°  when  /  =  o,  and  6  =  9°  when  t  =  10  sees.,  plot  a  curve  to  show  the 
temperature  at  any  time  from  t  =  o  to  t  =  20  sees. 

2.  A  wire  is  stretched  to  a  tension  of   10  Ibs.,  and  weighs  2^27  Ibs.  per  foot. 
Draw  a  curve  showing  the  form  of  the  wire.  V 

3.  A  long  thin  bar  is  heated  at  one  end.     If  /  be  the  excess  of  its  temperature 
above  that  of  the  surrounding  air  at  a  distance  x  from  the  heated  end,  it  can  be  proved 
that  /  =  A*"4*  where  A  and  b  are  constants. 

Given  that  /  =  65°  where  x  —  o,  and  /  =  60°  where  x  =  30  cm.  ;  plot  a  curve  to 
show  the  temperature  at  every  point  of  the  bar  to  a  distance  of  I  metre  from  the 
heated  end. 

4.  It  is  found  by  experiment  that  on  the  C.G.S.  system  of  units,  the  viscosity  p  of 
olive  oil  at  temperature  0°  C.  is  given  by  n  =  3-2653^-0012S^.     Plot  a  curve  to  show 
the  viscosity  ai  any  temperature  from  16°  C.  to  49°  C. 

6.  If  z  is  the  relative  viscosity  of  common  salt  solution  when  its  concentration  is 
the  fraction  x  of  tnat  of  the  normal  salt  solution,  then  s  •=  i'ogS6x.  Plot  a  curve  to 
show  the  relative  viscosity  of  salt  solution  for  values  of*  varying  from  o  to  i. 

6.  If  the  impressed  electro-moiive  force  is  suddenly  removed  from  an  electrical 
circuit  containing  resistance  and  self-induction,  the  current  dies  down  gradually  in  a 

_Rt 

way  given  by  the  equation  i  =  i^e  *•,  where  i  is  the  current  at  time  /  after  the  E.M.F. 
has  been  removed,  R  is  the  resistance,  and  L,  the  coefficient  of  self-induction. 
Plot  a  curve  to  show  the  current  at  any  time  from  o  to  o'l  sec.  for  a  circuit  in 
which  it  =  20  amps.,  R  =  o-2  ohm,  L  =  O'OO5  henry. 

7.  A  condenser  is  discharging   through   a   circuit  containing  self-induction   and 
resistance.     The  potential  »  at  time  /  is  given  byw  =  I  i45<r-1'12Sx10  '  —  ^jr-8'875*1"  '. 

Plot  a  curve  to  show  the  value  of  v  at  any  time  from  /  =  oto/  —  2X  IO~4. 
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8.  The  entropy  of  I  Ib.  of  air  at  pressure  /  Ibs.  per  sq.  foot,  volume  v  cu.  feet, 
and  absolute  temperature  /°(Fahr.)  is  given  by 

$  =  o-  1  6S8  log.  +  0-2375  log.  -  ......     (a) 


<P  =0-2375  log.  ^-0-0687  log.  ^ 
>f>  =0-1688  log.  -^  +0-0687  log.—  g 


(a)  A  pound  of  air  is  heated  from  absolute  temperature  493°  (Fahr.)  to  absolute 
temperature  673°  (Kahr.),  at  constant  pressure  2116  (atmospheric).  Plot  a  curve  to 
show  the  entropy  for  any  temperature  throughout  the  above  range.  (Use  equation  i>.) 

(i>)  During  the  above  change  of  temperature  the  volume  changes  from  12-39 
to  16-9.  Plot  a  curve  to  show  the  entropy  for  any  volume  throughout  this  range. 
(Use  equation  a.)  Note  that  this  curve  is  of  the  same  shape  as  the  curve  in  a,  but 
has  a  different  scale  for  the  abscissae.  This  is  because  the  volume  of  a  perfect  gas 
at  constant  pressure  is  proportional  to  the  temperature. 

(f)  A  pound  of  an,  at  volume  12*39  cu.  ft.,  atmospheric  pressure  2116,  temperature 
493,  is  kept  in  a  closed  vessel,  and  heated  till  its  pressure  is  4232  (two  atmospheres). 
Plot  a  curve  to  show  its  entropy  for  any  pressure  between  2116  and  4232. 

(</)  The  temperature  becomes  986  during  the  above  change  of  pressure.  Plot  a 
curve  to  show  the  entropy  for  any  temperature  during  this  change. 

(e)  The  temperature  is  kept  constant,  and  the  pressure  is  increased  to  4232.     Plot 
a  curve  to  show  the  entropy  as  a  function  of  the  pressure  from  /  =  2116  to/>  =  4232. 
Note  that  this  curve  is  quite  different  from  that  of  example  c. 

(f)  While  the  pressure  is  doubled  in  llie  last  example,  the  volume  becomes  6*195 
cu.  ft.     Plot  a  curve  to  show  the  entropy  for  any  volume  between  12-39  and  6-195. 

8.  From  the  equation  (c)  above,  plot  /,  <(>,  curves  having  values  of  /  as  ordinates, 
and  values  of  $>  as  abscissas,  from  /  •=  493  to  /  =  673, 

(1)  when  v  is  constant  and  equal  to  12*39  ; 

(2)  >.  s,  „  „      24-78; 

(3)  -.  ,,  „  „        6-195. 

10.  The  entropy  <p  of  I  Ib.  of  dry  saturated  steam  is  given  by 

/         797          f. 

where  /  is  the  absolute  temperature  Centigrade.     Plot  a  curve  having  values  of  /  as 
ordinates  and  values  of  <•>  as  abscissas  from  /  =  274  to  /  =  474. 

70.  Curves  represented  by  the  Equation  y  =  a  sin  (ex  +  <•/). 

We  shall  consider  separately  the  three  constants  a,  c,  and  d  in  this 
equation. 

(1.)  Period. — To  find  the  meaning  of  the  constant  c  in  the  equation 
y  =  a  sin  (ex  +  tf). 

We  shall  plot  curves  whose  equations  have  different  values  of  c,  but  are 
the  same  in  other  respects. 

Take  a  =  I,  d  =  o.     Thenj  =  sin  ex. 

(a}  Let  c—  \. 

The  equation  is  now 

y  =  sin  x 

The  values  of  y  for  different  values  of  x  may  here  be  read  off  directly 
from  the  tables  so  long  as  the  angle  is  in  the  first  quadrant. 

I^i  Chapter  II.  we  have  seen  that  as  the  generating  line  of  the  angle  x 
passes  through  the  second  quadrant  with  increasing  x,  sin  x  passes  back 
through  the  same  positive  values  from  l  to  o.  In  the  third  and  fourth 
quadrants  we  have  the  same  numerical  values  but  with  negative  signs. 

When  x  reaches  the  value  360°  its  generating  line  has  passed  through  the 
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four  quadrants,  and  sin  x  begins  again  at  o  and  passes  through  the  same 
values  in  the  same  order  as  before.  Thus  the  curve  repeats  itself 
indefinitely. 

We  here  take  x  in  degrees.  When  the  curve  is  required  so  that  the 
angle  is  expressed  in  radians,  the  necessary  change  may  be  made  in  the  scale 
of  the  axis  of  x. 

We  get  the  curve  a,  Fig.  58. 

(£)  Let  c  =  2. 

The  equation  is  now 

y  =  sin  ix 

Values  of  y  as  x  increases  from  o°  to  90°  are  given  in  the  following 
table : — 


x  degrees  . 

0 

9 

18 

27 

36 

45 

sin  2x  =  y 

0 

0-309 

0-588 

0-809 

0-951 

i 

x  degrees  . 

90 

81 

72 

63 

54 

45 

When  two  values  of  .r,  such  as  18°  and  72°  in  the  above  table,  are 
complementary,  the  values  of  2x  are  supplementary,  and  have  the  same  sine. 

As  x  increases  from.  90°  to  180°,  -ix  increases  from  180°  to  360°,  and  its 
generating  line  passes  through  the  third  and  fourth  quadrants  ;  therefore  we 
get  the  same  numerical  values  for  sin  2.x  as  in  the  table,  but  with  negative 
signs. 

We  thus  get  the  curve  b,  Fig.  58.     The  curve  repeats  itself  indefinitely. 

(c)  Let  c  =  \. 

The  equation  is  now 

y  =  sin  \x. 

Values  of  y  as  x  increases  from  o°  to  360°  are  given  in  the  following 
table :— 


*•  degrees 

O 

18 

36 

54 

72 

90 

1  08 

126 

144 

162 

1  80 

sin  \x     . 

O 

0*156 

0-309 

o'4S4 

0-588 

0-707 

0-809 

0-891 

0-951 

0988 

i 

x  degrees 

360 

342 

324 

306 

288 

270 

252 

234 

216 

198 

i  So 

When  two  values  of  x,  such  as  108°  and  252°  in  the  above  table,  are 
together  equal  to  360°,  the  values  of  \x  are  supplementary,  and  have  the 
same  sine. 

As  x  increases  from  360°  to  720°  the  angle  \x  increases  from  180°  to  360°, 
and  its  generating  line  passes  through  the  third  and  fourth  quadrants.  f  Its 
sine  will  therefore  pass  through  the  same  numerical  values  as  in  the  ab'ovt 
table,  but  with  negative  signs. 

We  thus  get  the  curve  c,  Fig.  58.     The  curve  repeats  itself  indefinitely. 

Comparing  these  three  curves,  whose  equations  are  of  the  form  y  =  sin  ex 
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with  different  values  of  c,  we  see  that  they  are  all  of  the  form  of  waves  of  the 
same  unit,  height,  and  starting  at  the  same  point  (o,  o),  but  of  different 
lengths. 


CD 
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Sine  curves,  such  as  these  or  combinations  of  different  sine  curves,  may 
be  made  to  represent  a  great  number  of  cases  in  nature,  by  choosing  various 
meanings  of^  and  x. 

If  /  and  x  are  both  lengths,  the  curves  may  be  used  to  represent  such 
cases  as  the  form  of  waves  or  of  a  vibrating  string.  \iy  denotes  length  and 
r  time,  the  curves  may  be  used  to  represent  periodic  oscillations,  such  as 
those  of  a  spring  or  pendulum,  the  motion  of  a  crank,  sound  waves,  etc. 

If y  denotes  the  intensity  of  the  electric  current  through  a  conductor,  and 
r  denotes  time,  the  curves  may  be  used  to  represent  an  alternating  electric 
current. 

In  most  practical  cases  where  we  meet  with  the  curve  y  -  a  sin  {ex  +  </), 
the  value  of  the  angle  (ex  +  d)  is  expressed  in  radians. 

71.  Wave  Length — Periodic  Time. — We  define  the  wave  length  of  the 
curve  represented  by  the  equation  y  =  a  sin  (ex  +  d\  as  the  distance  between 
two  points  where  it  crosses  the  axis  of  x  in  the  same  direction.  It  is  under- 
stood that  the  value  of  (ex  +  d)  is  expressed  in  radians. 

E.g.  the  wave  length  of  the  wave  represented  by^  =  sin  .r,  where  c  —  \ 
is  2*,  Fig.  58. 

2^r 

If  we  change  c  to  2  we  get  the  curve  (b\  whose  wave  length  is  *•  =  — • 

2 

If  we  change  c  to  \  we  get  the  curve  (c\  whose  wave  length  is  4*  or  -j 

2 
In  general,  we  find,  in  the  same  way,  that  the  wave  length  of  the  curve 

.    2» 
y  -  sin  ex  is  — 

Let  us  consider  the  physical  meaning  of  this  in  the  important  case  when 
the  abscissa  represents  time  ;  e.g.  let  the  ordinate  represent,  on  a  suitable 
scale,  the  small  displacement  of  the  end  of  a  vibrating  spring,  and  let  the 
abscissa  represent  the  time  /.  The  motion  of  the  spring  may  be  represented 
by  the  equation  .x  =  sin  ct.  An  oscillation  of  this  kind  is  a  case  of  simple 
periodic  or  simple  harmonic  motion. 

The  time  of  an  oscillation  is  the  time  corresponding  to  a  complete  wave 
length  of  the  curve  y  =  sin  <:/,  i.e.  the  tmie  in  which  the  angle  ct  increases  by 
the  amount  2».  After  this  time  has  elapsed  from  the  instant  /  =  o,  the  value 
of  sin  ct  goes  through  the  same  series  of  values  again,  and  another  oscillation 
takes  place  ;  and  so  on. 

While  ct  increases  by  2»,  the  time  /  increases  by  — . 

I.e.  the  time  of  a  complete  oscillation  is  — .    This  is  called  the  periodic 

time  of  the  simple  periodic  oscillation. 

The  frequency  of  an  oscillation  is  the  number  of  complete  oscillations 
which  take  place  in  a  unit  of  time. 

In  the  case  of  the  above  simple  periodic  oscillation  the  frequency  is  — . 

For  example,  if  the  current  in  a  conductor  at  time  /  seconds  is  I  ampere, 
and  we  know  that  I  =  I0  sin  (600)  /  where  I0  is  constant,  then  the  angle  6oo/ 

2*T 

increases  from  o  to  2*,  while  /  increases  by  ^—  seconds.     This  is  the  periodic 

time. 

Frequency  =  number  of  oscillations  per  second 

600        , 
=  —  =96  nearly 
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72.  (II.)  Amplitude. — To  find  the  meaning  of   the  constant  a  in  the 
curve  y  =  a  sin  (ex  +  d\ 

In  the  three  curves  plotted  in  Fig.  58  we  had  a  equal  to  unity.  The 
effect  of  changing  the  value  of  a  to  2  or  \  would  evidently  be  to  multiply 
every  ordinate  in  Fig.  58  by  2  or  |  respectively,  i.e.  the  curves  would  still  be 
wave  curves  of  the  same  length  as  before,  but  of  twice  or  one-half  the  height. 

Similarly,  in  every  case  a  is  the  height  of  the  wave  crest  above  the  axis 
of  jr. 

When  the  wave  curve  represents  an  oscillation,  a  is  the  amplitude  of  the 
oscillation  ;  e.g.  in  the  simple  periodic  oscillation  of  a  spring  the  amplitude  is 
the  maximum  distance  to  which  the  spring  moves  on  either  side  of  its 
equilibrium  position, 

73.  (III.)  To  find  the  meaning  of  the  constant  d  in  the  curve 

y  =  a  sin  (ex  +  d) 

To  trace  the  curve/  =  sin  (  x  +  -  J  we  may  add  a  right  angle  to  every 

value  of  x  in  the  table  of  sines,  so  that  when  x  =  o,  y  =  sin  -  =  i,  and 

so  on. 

This  is  equivalent  to  moving  the  curve  (a),  Fig.  58,  back  through  a 
distance  equal  to  one  right  angle  on  the  scale  on  which  x  is  measured,  so 
that  the  point  A  is  on  the  axis  of  y. 

Similarly,  if  we  change  y  =  sin  7.x  to  y  =  sin  (  zx  +  -  j  the  curve  is  of 

the  same  shape  as  before,  but  begins  at  y  =  sin  -  =  i.  This  is  equivalent 
to  moving  the  curve  back  so  that  B  is  on  the  axis  of  y. 

Similarly,  y  =  sin  (  \x  +  ?\  is  of  the  same  shape  as  y  —  sin  (\x\  but 

begins  at  the  point  (o,  i),  and,  in  the  general  case, y  =  a  sin  (ex  +  d)  is  of 
the  same  shape  as  y  =  a  sin  ex,  but  begins  at  y  =  a  sin  d  instead  of 
at/  =  o. 

The  effect  of  introducing   the   constant  J-'is  to  move  the  curve  back 

through  a  distance  -  parallel  to  the  axis  of  x. 

Thus  the  value  of  the  constant  </does  not  affect  the  shape  of  the  curve 
y  =  a  sin  (ex  +  d\  but  only  its  starting-point. 

EXAMPLES.— XLI1. 

1.  Plot  the  curve  y  =  a  sin  ex  from  x  =  o  to  x  =  »  radians  for  the  cases  when 
a  =  4,  and  c  has  the  values  2,  4,  6  respectively. 

2.  Plot  the  curve/  =  a  sin  ex  from  x  =  o  to  x  =  *  for  the  cases  when  c  =  2,  and 
a  has  the  values  2,  3,  and  4  respectively. 

3.  Plot  the  curve/  =  a  sin  fjc  from  x  =  O  to  x  =  lor  when  a  —  4,  and  c  has  the 
values  ^,  £,  !  respectively. 

4.  Plot  the  curve/  =  a  sin  (ex  +  d)  for  the  cases  when  a  =  2,  c  =  2,  and  d  has 

_     2jr 

the  values  o,  -i  — ,  and  »  respectively. 

w        3 

74.  Simple  Periodic  Motion. — Simple  periodic  or  simple  harmonic 
motion  is  the  projection  on  a  straight  line  of  uniform  circular  motion. 

If  the  point  P  moves  round  a  circle  in  a  counter-clockwise  direction  at  a 
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uniform  rate,  its  projections  M  and  N  on  two  perpendicular  diameters  will 
move  backwards  and  forwards  along  those  diameters  with  a  simple  periodic 
motion. 


EXAMPLE. — A  point  P  moves  round  a  vertical  circle  so  that  the  radius  OP  starts 
in  a  horizontal  position,  and  moves  with  a  uniform  angular  velocity  of  O'698i  radian 
per  second.  OP  is  of  unit  length.  Plot  a  curve  showing  the  distance  from  O  at  any 
time  of  the  projection  of  P  on  the  vertical  diameter. 


FIG.  60. 


Describe  a  circle  of  unit  radius.  In  the  figure  the  point  P  starts  at  A.  After 
I  sec.  OP  has  turned  through  0*6981  radian  =  40°,  after  2  sees,  through  80°,  and 
so  on. 

Mark  off  along  the  circumference  points  to  show  the  position  of  P  at  the  end  of 
each  second,  and  number  them  to  show  the  instant  when  P  passes  through  each  point. 
Then  the  corresponding  positions  of  N  are  the  projections  of  these  points  on  the 
vertical  diameter. 

Take  the  horizontal  diameter  OA  produced  as  the  axis  of  x,  and,  starting  from  A, 
mark  off  along  it  a  scale  of  times  long  enough  to  show  the  time  taken  by  OP  to  make 
a  complete  revolution. 

At  the  end  of  each  second,  plot  points  whose  ordinates  are  the  corresponding 
distances  of  N  from  O.  These  points  give  a  curve  for  which  the  ordinate  s  is  the 
displacement  of  N,  measured  from  the  mid  po;nt  of  its  path,  at  time  /,  represented  by 
the  abscissa. 

The  curve  evidently  repeats  itself  indefinitely.  Since  OP  turns  through  o'698i 
radian  per  second,  the  angle  AOP  is  equal  to  o^gSi/  radians  at  time  /  seconds  from 
starting. 

/.  /  =  ON  =  MP  =  OP  sin  AOP  =  OP  sin  (0-698 1/). 

.*.  for  the  numerical  case  taken  in  this  example,  where  OP  =  i,  the  equation  to 
the  curve  U  J  =  sin 
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In  the  same  way  we  see,  in  general,  that  if  a  straight  line  of  length  a,  such  as  a 
crank,  starts  in  a  horizontal  position  when  /  =  o,  and  revolves  in  a  vertical  plane 
round  one  end  at  the  uniform  rate  of  q  radians  rer  second,  the  projection  of  the  free 
end  on  a  vertical  straight  line  has  a  notion  which  is  represented  by  the  equation 
s  =  a  sin  qt. 

In  the  same  way  OM  =  OP  cos  AOP  =  a  cos  qt. 

*.  the  projection  of  P  on  a  straight  line  parallel  to  the  starting-position  of  OP, 
oscillates  so  as  to  satisfy  the  law  s  =  a  cos  at. 

The  student  will  find  a  simple  periodic  motion  represented  sometimes  by 
a  sine  formula  and  sometimes  by  a  cosine  formula.  The  motion  is  evidently 
the  same  in  the  two  cases,  the  difference  in  the  equations  only  depending  on 
the  instant  from  which  we  measure  the  time.  If  we  measure  the  time 
from  the  instant  when  OP  is  in  the  line  of  the  simple  periodic  motion, 
we  get  an  equation  of  the  form  s  =  a  cos  qt ;  if  we  measure  the  time  from 
the  instant  when  OP  is  perpendicular  to  the  simple  periodic  motion,  we  get 
an  equation  of  the  form  s  =  a  sin  qt. 

If  OP  represents  the  crank  of  a  vertical  engine  with  a  connecting-rod 
which  is  very  long  compared  with  OP,  the  motion  of  the  cross-head  may  be 
approximately  represented  by  that  of  N,  and,  therefore,  by  the  equation 
s  —  a  sin  qt. 

If  we  are  given  the  number  n  of  revolutions  per  minute  instead  of  the 

angular  velocity,  then  the  crank  evidently  turns  through  -j—  radians  per 
second.     Therefore,  q  =  -7—   and  the   equation   representing  the   motion 

becomes  s  =  a  sin  —7—  • 
60 

.EXAMPLE. — A  crank  OP  of  length  5"  starts  from  a  position  making  an  angle  of 
59°  with  the  horizontal  line  OA  at  time  t  =  o,  and  rotates  in  a  vertical  plane  at  a 
uniform  rate  of  120  revolutions  per  minute  in  a  counter-clockwise  direction.  Plot  a 
curve  showing  the  motion  of  the  projection  of  P  on  a  vertical  line  OB. 


•05  B 
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Draw  a  circle  of  radius  to  represent  5"  on  some  suitable  scale.  Draw  the  horizontal 
and  vertical  diameters  A'A  and  B'B. 

Set  off  the  angle  AOP,  =  59°.     Then  OP,  is  the  position  of  P  when  /  =  o. 

The  crank  turns  through  120  X  2ir  radians  per  minute,  or  4*  radians  =  720°  per 
second. 

When,  as  in  this  case,  the  positions  of  P  at  the  ends  of  successive  seconds  are  too 
far  apart  to  be  used  for  plotting  a  curve,  set  off  the  positions  of  P  at  intervals  of  any 
convenient  fraction  of  a  second. 

In  this  case  OP  moves  through  36°  hi  0^05  sec.  Starting  from  P,  set  off  points 
showing  the  position  of  P  at  intervals  of  0*05  sec.  The  table  of  chords  is 
useful  for  this  purpose.  Set  off  a  scale  of  times  along  OA  produced,  extending 
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from  o  to  0*5  sec.,  so  as  to  show  a  complete  oscillation  of  N,  and  plot  the  curve  as 
before. 

To  find  the  equation  of  this  curve  we  note  that  OP  turns  through  4»/  radians  in 
time  t  starting  from  OPt. 

.'.  at  time  /,  angle  AOP  =  AOP,  +  P.OP 
=  59°  +  4^ 

=  (I2*566/  +  1*030)  radians 
and  j  =  ON  =  PM  =  OP  sin  AOP 
=  5  sin  (i2*566/  +  1*03) 

Similarly,  any  equation  of  the  form 

f  =  a  sin  (qt  +  a) 

represents  the  simple  periodic  motion  of  the  projection  of  P  on  a  vertical  diameter, 
when 

a  =  the  radius  OP  =  the  amplitude  of  the  motion. 

q  =  the  angular  velocity  of  OP  ; 

a  =  the  angle  which  OP  makes  with  the  horizontal  diameter  when  /  =  o. 

The  ratio  which  the  angle  qt  =  P,OP  in  Fig.  6l,  through  which  OP  has  turned 
at  any  instant  since  /  =  o,  bears  to  the  angle  2ir,  through  which  it  turns  in  a  whole 
revolution,  is  called  the  phase  of  the  vibration  when  the  time  =  /  seconds. 

The  angle  BOPi  between  the  revolving  arm  OP,  at  the  instant  when  /  =  O,  and 
the  axis,  along  which  the  periodic  motion  takes  place,  is  called  the  epoch  of  the 
vibration. 


EXAMPLES. — XLIII. 

Plot  the  following  curves  between  /  =•  o  and  /  =  2* : — 

I.  y  =  2  sin  /.  2.  y  —  \  sin  2t.  3.  y  —  \  sin  3/.     _ •• 
4.  y  =  i  sin  4/.                       5.  y  -  i  sin  5/. 

6.  A  crank,  I  ft.  long,  starts  in  a  horizontal  position,  and  rotates  in  a  counter- 
clockwise direction  in  a  vertical  plane  at  the  rate  of  1*2043  radians  per  second,  so  that 
the  projection  of  the  moving  end  of  the  crank  on  a  vertical  line  oscillates  with  a 
simple  periodic  motion.     Construct  a  curve  to  show  the  distance  of  the  projection 
from  the  centre  of  its  path  at  any  time.     Write  down  the  equation  to  this  curve. 

7.  Construct  the  corresponding  curve  when  the  crank  in  the  last  example  starts  in 
the  same  position,  and  rotates  at  the  same  rate  in  a  clockwise  direction.     Write  down 
the  equation  to  this  curve. 

8.  A  crank,  6  ins.  long,  starts  at  an  angle  of  45°  with  the  horizontal,  and  turns 
through  30°  per  second  in  a  counter-clockwise  direction  in  a  vertical  plane.    Construct 
a  curve  to  represent  the  simple  periodic  motion  of  the  projection  of  the  free  end  of 
the  crank  on  a  vertical  line.     Write  down  the  equation  of  this  curve.     Construct  the 
corresponding  curve  when  the  same  crank  starts  in  the  same  position,  and  rotates  in  a 
clockwise  direction.     Write  down  its  equation. 

9.  A  crank  9  ins.  long  starts  in  a  position  making  an  angle  of  13°  with  the  axis  of 
x,  and  rotates  in  a  counter-clockwise  direction  at  the  rate  of  10  revolutions  a  minute. 
Draw  a  curve  to  show  the  motion  of  the  projection  of  the  end  of  the  crank  on  Oy. 
Write  down  the  equation  of  this  curve. 

10.  A  straight  line  OP  of  length  I  '8  ins.  starts  in  a  position  such  that  xOP  =  —42°, 
and  rotates  in  a  counter-clockwise  direction  about  O  at  the  rate  of  1200  revolutions 
per  minute.     M  is  the  projection  of  P  on  Ox.     Construct  a  curve  to  show  the  value 
f  of  OM  at  any  time  /,  and  write  down  the  equation  connecting  .r  and  /. 

Plot  curves  to  represent  the  following  motions :— •- 

II.  t  =  2*5  sin  (ru?/  -  07156).  12.  j  =  4-2  sin  (1*2217  — 
18.  s  =  2*5  sin  (1*885  ~  i'466i/).                  14.  s  =  1*5  sin  (2OO/  +  1*5). 
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16.  Plot  the  curve 

y  =  3  sin  (27T//  +  1-5708) 

where  f  —  to,  and  t  is  measured 
in  seconds. 

17.  Plot  the  curve 

y  =  A  sin  (?x+g) 

where     A  =    2'4,     q  —  07854, 
g  =  —  I '3090. 

18.  Plot  .f  =  A  sin  (2-nft  +  f), 
for     the    case    when    A    =  5 '6, 
e=—  O'7,  and_/"=  140,  so  as   to 
show  a  complete  period. 

19.  If i  is  the  value  of  an  alter- 
nating electric  current  at  time  / 
and  i  =  3'5  sin  8oo/,  plot  a  curve 
to  show  the  value  of  i  at  any  time 
throughout  a  complete  period. 

20.  V    is     the     voltage     in 
a   certain   circuit    at    time   t   and 
V  =  RA  sin  qt.     Plot  a  curve  to 
show  the  value  of  V  at  any  time 
throughout  a  complete  oscillation 
if  R  =  0*25,  A  =  3'l,  q  =  2OOOir. 

75.  y  =  aebx  sin  (ex  +  d). 
Consider  the  case 

y  =  £~i*  sin  2x 

The  curve/  =  e~^*  is  plot- 
ted in  Fig.  55,  and/  =  sin  2.r 
in  Fig.  58. 

Plot  these  two  curves  to- 
gether with  the  same  axes, 
measuring  x  in  radians  for  the 
curve  y  =  sin  -2.x  (Fig.  62, 
a  and  b\ 

For  various  values  of  x 
multiply  the  corresponding 
ordinates  together,  thus  getting 
ordinates  of  the  curve 


y- 


sm  ix 


This  is  the  curve  c  in  Fig. 
62. 

Note  that  this  is  a  wave 
curve  in  which  the  amplitude 
of  the  successive  waves  gets 
smaller  and  smaller,  while  the 
wave  length  remains  the  same. 

If  y  represents  distance 
moved  in  time  x,  curves  of  this 
type  may  be  used  to  represent 
such  cases  as  the  oscillations 
of  a  stiff  spring,  the  damped 
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oscillations  of  a  galvanometer  needle,  or  the  oscillations  of  a  disc  suspended 
by  a  wire  in  a  liquid,  such  as  is  used  to  compare  the  viscosities  of  different 
liquids. 

\iy  represents  the  electric  current  passing  at  time  .r,  curves  of  this  type 
may  be  used  to  represent  the  oscillatory  discharge  of  a  condenser. 

In  the  oscillation  represented  by  y  =  ae~u  sin  (ct  +  d)  the  quantity  k  may 
be  taken  as  a  measure  of  the  effect  of  the  resistance,  and  is  called  the 
logarithmic  decrement  of  the  oscillation. 


EXAMPLES.  — XLIV. 
1.   Plot  the  curve 


between  x  =  o  and  x  =  4*-. 
2.  Plot  the  curve 


y  —  e        sin  6jr 


=  20<f-°'6'sin  —  / 


between  t  =  o  and  /  =  411-. 

8.  j  is  the  displacement  of  the  end  of  a  stiff  spring  from  its  position  of  equilibrium 
at  time  /  seconds. 

/  =  a^~M  sin  — / 

a  is  the  amplitude  which  the  oscillation  would  have  if  there  were  no  friction  ;  T,  is- 
the  period  ;  b  represents  the  effect  of  the  stiffness  of  the  spring.  If  a  =  10,  T,  =  0*9, 
b  =  0*75,  plot  a  curve  to  show  the  value  of  s  at  any  time  during  the  first  four  complete 
oscillations. 

4.  The  oscillatory  discharge  of  a  certain  condenser  through  a  circuit  containing 
resistance  and  self-induction  is  given  by  the  equation 

v  =  I4I4/"10  «  sin  (io,ooo/  +  0-7854) 

Plot  a  curve  to  show  the  value  of  the  potential  v  at  any  time  between  /  =  o  and 
/  =  io~3  seconds. 


76.  Curves  representing  Compound  Periodic  Oscillations. — An 
equation  of  the  form  y  =  a  sin  (ct  +  d)  represents  the  simplest  form  of 
periodic  oscillation,  such  as  the  small  oscillation  of  a  pendulum. 

We  often  meet  with  more  complicated  oscillations,  which  may  be 
represented  by  equations  of  the  form 

y  =  «j  sin  (ct  +  d^)  +  a%  sin  (zct  +  d^)  +  as  sin  (yt  +  d^)  +  ... 

The  note  of  a  musical  instrument,  for  example,  consists  of  a  fundamental 
tone  represented  by  the  first  term  on  the  right-hand  side  of  the  equation, 
and  its  overtones  represented  by  terms  such  as  the  second  and  third.  The 
second  and  third  terms  represent  the  first  and  second  harmonics  respectively, 
and  so  on. 

In  the  study  of  alternating  electric  currents,  also  we  meet  with  functions 
of  the  form 

l  =  a,  sin  (//  -  0,)  +  a,  sin  ($pt  -  «s)  +  *6  sin  ($pt  -  »„) 
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In  problems  on  valve  motion  we  most  frequently  meet  with  oscillations 
composed  of  the  fundamental  and  the  first  harmonic,  such  as 

y  =  3  sin  (6  +  36°)  +  0-3  sin  (26  +  90°) 

EXAMPLE. — Plot  the  curve 

y=  a  tin  t  +  |  sin  3/ 


\ 
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FIG.  63. 

Plot  the  curves  y  =  2  sin  /,  (A),  and  y  =  $  sin  3/,  (A,).  A  represents  the  funda- 
mental, and  A,  the  second  harmonic. 

The  required  curve  C  is  obtained  from  these  two  curves  by  adding  together  the 
two  ordinates  which  correspond  to  any  given  value  of  x. 

E.g.  if  PN  and  P,N  be  the  ordinates  of  the  fundamental,  and  of  the  second 
harmonic  corresponding  to  any  given  value  ON  of  x,  then  the  ordinate  QN  of  the 
required  curve  is  equal  to  N  P  +  N  P,.  The  addition  should  be  carried  out  mechanically 
by  means  of  dividers,  and  not  arithmetically.  From  P  mark  off  PQ  equal  to  NP,, 
and  so  on. 

We  thus  obtain  the  curve  C  representing  the  combination  of  the  fundamental  and 
the  second  harmonic. 

The  curve  C  might  also  have  been  obtained  by  direct  calculation  of  each  value  of 
y,  but  it  is  more  instructive  to  plot  the  harmonics  separately,  as  above. 


EXAMPLES.— XLV. 

Plot  the  following  curves  from  /  =  o  to  /  =  2r  : — 

1.  y  —  2  sin  t  +  J  sin  2f.  2.  y  =  2  sin  /  +  }  sin  4/. 

3.  y  —  2  sin  /  +  J  sin  5/.  4.  y  —  2  sin  /  +  }  sin  2t  +  £  sin  y. 

5.  Plot  y  =  sin  qt  +  \  sin  $qt  for  the  case  y  =  600,  from  /  =  o  to  /  =  — . 

Plot  the  following  from  /  =  o  to  /  =  2» : — 

6.  y  =  2  sin  (/  +  I '0123)  +  }  sin  3*. 

7.  y  =  2  sin  (/  —  0*6807)  +  J  sm  4^ 

8.  y  =  2  sin  (/  +  O'4OI4)  +  J  sin  (zt  —  O'5o6i). 

I  I 

9.  Plot  y  =  ~~^~  sin  x  +  —=•  cos  x  by  constructing  the  two  curves  separately  and 

adding  the  ordinates  ;  also  plot  the  curve  y  =  sin  (  x  +  -  I  and  verify  the  formula  for 
sin  (A  +  B)  by  showing  that  the  two  curves  are  the  same. 
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10.  Plot  y  =  0-342  sin  x  —  0-940  cos  .r,  and  verify  the  formula  for  sin  (A  —  B) 
by  showing  that  this  is  the  same  as 

y  =  sin  (x  —  70°) 

11.  The  value  of  an  alternating  electric  current  i  amps,  is  given  at  time  /seconds 
by  the  equation 

»  =  50  sin  6oo/  +  20  sin  i8oo/ 

Plot  a  curve  to  show  the  connection  between  i  and  t.  Take  /  on  a  large  scale  and 
plot  to  show  two  complete  alternations. 

12.  The  voltage  V  in  an  alternating  current  circuit  at  time  /  is  given  by 

V  =  RA  sin  qt  +  LAj1  cos  qt 

Plot  a  curve  to  show  V  as  a  function  of  /  for  two  complete  periods,  having  given  that 
R  =  0-5,  A  =  5,  q  =  looo,  L  =  0*0005 

13.  If  x  is  the  distance  of  a  piston  from  a  fixed  point  on  its  path  at  time  /, 

r2  r* 

*  =  r  sin  qt  -\ — cos  2qt -. 

4'  4* 

where  q  —  angular  velocity  of  crank,  r  =  length  of  crank,  /  =  length  of  connecting- 
rod.  Plot  a  curve  to  show  x  as  a  function  of  /  when  r  =  £,  /  =  3,  q  =  2». 

14.  OAB  is  a  crank  capable  of  revolving  in  a  counter-clockwise  direction  in  the 
vertical  plane  OAB,  about  an  axis  through  O.     It  is  bent  at  right  angles  at  A.     OA 
is  3  ins.  long,  AB  is  2  ins.  long.     OY  is  a  fixed  vertical  straight  line  ;  M  and  N  are 
the  projections  of  A  and  B  on  OY.     The  crank  starts  in  a  position  such  that  OA 
makes  an  angle  45°  wiih  O  Y,  and  AB  points  towards  OY,  and  moves  towards  O  Y  at 
the  rate  of  120  revolutions  per  minute.    Let  ON  =y ;  plot  a  curve  to  show  the  value 
of  y  for  any  value  of  /  from  t  =  o  to  /  =  I  sec.     Write  down  the  equation,  giving  y  in 
terms  of  /. 

15.  The  force  F  on  the  piston  of  an  engine,  when  the  crank  makes  an  angle  0 
with  a  fixed  direction,  is  given  by 

F  =  MwV{cos  6  +  0-29  cos  20  —  0-006  cos  40} 

for  the  case  where  the  connecting-rod  is  three  and  a  half  times  as  long  as  the  crank. 
Plot  a  curve,  as  accurately  as  your  scale  will  allow,  to  show  the  value  of  F  for  any 
value  of  6  from  &  —  o  to  0  =  360°,  taking  M  =  40,  <a  =  6*-,  r  =  0*5. 

(Electrician,  Feb.  13,  1903,  p.  670.) 

77.  Graphic  Solution  of  Equations. — To  solve  an  equation,  we  require 
to  find  the  values  of  x  which  make  a  given  function  of  x  equal  to  zero.  If 
we  plot  a  curve  in  which  the  ordinates  are  the  values  of  this  function  for 
various  values  of  x,  the  points  where  this  curve  crosses  the  axis  of  x  give  the 
required  values  of  x  for  which  y  —  o. 

EXAMPLE  (i). — Solve  the  equation 

x*  -  4-31.*  +  3-93  =  o 
We  have 

x*  =  4-31*  -  3-93. 

Plot  the  parabola  y  =  x*  and  the  straight  line  y  =  4'3i.*  —  3*93.  Then  at  the 
intersections  of  these  two  curves  the  values  of  y  for  the  two  curves  are  equal,  and 
therefore  the  equation  is  satisfied.  The  curves  intersect  at  x  —  3  and  x  =  1-3,  which 
are  therefore  the  required  roots  of  the  equation. 
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EXAMPLE  (2). —  To  find  a  value  of  x  between  o  and  2,  which  satisfies  the  equation 


x*  +  2x*  —  3-26*  -  0-3127  7=.  o 

Let  y  denote  the  expression  on  the   left-hand 
side  of  this  equation. 
We  find  by  calculation 

when  x  =  o,  y  =  —  0*3127 
„  x  =  i,  y  =-  0-5727 
„  x  =  2,y=  +9-1673 

therefore,  if  we  plot  a  curve  representing^  as  a  func- 
tion of  x,  this  curve  is  below  the  axis  of  x  at  x  =  i, 
and  above  the  axis  of  x  at  x  =  2,  and  therefore 
it  must  cross  the  axis  of  x  between  x  =  i  and 
x  =  2. 

For  x  =  1-5  we  find  y  =  2-562,  therefore  a  root 
lies  between  x  =  i  and  x  =  1*5. 

Plotting  the  points  whose  co-ordinates  have  been 
calculated,  we  get  the  curve,  Fig.  64. 

This  crosses  the  axis  of  x  between  JT  =  i  •  i  and 

X  =  1-2. 

By  calculation  we  find 


10       II         1-2       13 


!•*       15 

A; 


FIG  64. 


when  x  —  n,  y  =  —  0-1477 
„     x=  1-2,  y=  +0-3833 


Plotting  these  points  on  a  large  scale,  and  joining  by  a  straight  line,  we  see  that 
i  -13  is  approximately  a  value  of  x,  for  which  y  =  o. 

By  calculation,  when  x  =  1*13,  y  —  o,  to  5  places  of  decimals. 

To  secure  still  greater  accuracy,  if  necessary,  we  might  calculate  y  for  the  values 
x  =  I'I2,  and  x  =  1-14,  and  plot  on  a  still  larger  scale  ;  and  so  on. 


EXAMPLE  (3).  —  Solve  the  simultaneous  equations 

y  =  xz  —  0-6.**  +  o-2j:  —  1-4 
y  =  i  +  x  —  0-4** 

Here  we  require  to  find  a  pair  of  values  of  x  and  y  to  satisfy  both  these  equations 
simultaneously.  If  we  plot  the  curves  represented  by  the  two  equations,  the  points 
of  intersection  lie  on  both  curves,  and  therefore  their  co-ordinates  satisfy  both 
equations,  and  give  the  required  roots. 

Let^,  =  Xs  —  0-6**  +  0-2JC  -  1-4 
yt  =  —  0-4**  +  x  +  I 

Then  by  calculation  we  find  the  following  pairs  of  corresponding  values  :  — 


X. 

ffc 

Jtfr 

0 

-1-4 

ro 

I 

-0-8 

1-6 

2 

4-6 

i'4 

—  I 

-3-2 

-0-4 

—  2 

—  12-2 

-2-6 
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On  plotting  these  points  we  see  that  the  curves  cross  between  x  =  I,  and  x  =  2, 
and  from  their  general  shape  this  appears  to  be  their  only  point  of  intersection. 

4 


y 


Accordingly  we  calculate  the  following  values  of  _y,  and  y^  in   the  neighbourhood 
of  the  point  of  intersection  : — 


jr. 

n. 

„ 

1-6 

0-925 
1-48 

1-6 
1-58 

17 

2-0,9 

i  '544 

These  curves  evidently  cross  between  x  =  i'6  and  x  —  i"j. 

Plotting  these  points  on  a  larger  scale,  we  see  that  the  curves  cross,  and  therefore 
the  equations  are  satisfied,  for  the  values  x  =  i'62,  y  =  1*57. 

EXAMPLE  (4). — To  find  the  values  of  x  between  o  and  3'l4i6  which  satisfy  the 
equation  e*  sin  x  =  I. 

The  most  instructive  method  is  the  following : — 

If  e*  sin  x  =  i ,  we  have  sin  x  =•  e~x. 

Plot  the  curves  y  =  sin  x  and  y  sc  «~x.     Then  at  the  points  where  these  curves 
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cross,  sin  x.  and  f~x  are  equal,  and  the  required  values  of  x  are  therefore  the  abscissae 
of  these  points  of  intersection. 

NOTE. — x  must  be  measured  in  radians. 


y  =  sin  jr. 

>  =  <-•. 

jr. 

y-  - 

JC. 

y- 

O 

o 

0 

I 

07854 

07071 

I 

0-3679 

I-5708 

i 

2 

0-1353 

3-1416 

o 

3 

0*0498 

On  plotting  these  values  we  see  that  the  two  curves  cross  in  the  neighbourhood  of 
x  =  o"6  and  x  =  3. 


3-1416  radiant 
ISO  degree* 


FIG.  66. 


Calculating   the  values   more   accurately  in  the  neighbourhood  of  these  points, 
we  find 


X. 

y- 

jr. 

y- 

27°  =  0-4712 

0-4540 

0-47I2 

0-6242 

30°  =  0-5236 

0-5000 

0-5236 

0-5916 

33°  =  o'5?6o 

0-5446 

0-5760 

0-5622 

36°  =  0-6283 

0-5878 

0-6283 

0'5333 
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and 

X. 

y 

-r. 

y- 

360°  =  3-  141  6 
354°  =  3'<>369 
357°  =  3-0892 
358°  =  3-  1067 

o 

0-0523 
0-0349 

3-I4I6 

3 

0-0432 
o  0498 

Plotting  the  corresponding  portions  of  the  two  curves  on  a  large  scale,  we  find 
that,  at  the  points  where  they  cross, 

x  =  0-5885  and  3-0965 

The  student  should  verify  this  by  plotting  the  above  values  himself. 
These  are,  therefore,  the  required  roots  of  the  equation 

e*  sin  x  =  i 


EXAMPLES. — XLVI. 

Solve  the  following  equations  by  the  graphic  method  : — 

I.  x?  +  o'Sjr  -  2-73  =o.  2.  x3  —  0-83*  +  0-1612  =  o. 
3.  x*  —  x  —  6  =  o.  4.  x*  —  6x*  +  I  ix  —  6  =  o. 

6.  x3  —  o-jx2  -  0'6*  +  2-6  =  0.  6.  x*  +  x*  —  6x*  —  13^  -  13*  -  6  =  o. 

7.  2x4  —  7-6**  —  4'o6jr*  +  4'i6jT  +  9-84  =  o. 

8.  ^  =  7.  9.  f~™  =  2-5.  10.  x  log,,*  =  i. 
Find  values  of  x  between  o  and  5  to  satisfy  each  of  the  following  equations : — 

II.  2x™  +  x-  z^f*  -2  =  0. 

12.  3- 1*8'6  -  i-$x™  -  x  -  8  +  4/o-iiw*  =  o. 

13.  2'5^22*  cos  x  -  1'^ix23  sin  (o'6.r)  +  0-788  =  o. 

14.  ert*  tan  0-3*  —  2'6  cos  1'Sx  —  5*1*  +  2-8343  =  o. 

15.  The  equation  x  tan  x  =  a  occurs  in  finding  the  proper  tones  of  the  vibration 
of  a  loaded  string. 

Find  a  value  of  x  between  o  and  —  to   satisfy  this  equation  (i)  when  a  —  o*is 

(2)  when  a  —  I,  (3)  when  a  =  10. 

16.  In  calculating  the  strength  of  a  long  column  fixed  at  one  end  and  held  by  a 
horizontal  force  at  the  other,  we  require  to  solve  the  equation  tan  x  =  x.     Find  the 

value  of  x  between  •*  and  —  which  satisfies  this  equation. 

17.  Find  a  value  of/  to  satisfy  the  equation 
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CHAPTER   VIII 

DETERMINATION  OF  THE  LAWS  FOLLOWED  BY  THE  RESULTS 
OF  EXPERIMENTS 

78.  IN  most  quantitative  experiments  we  have  two  varying  quantities,  such 
as  the  pressure  and  volume  of  a  certain  quantity  of  gas,  or  the  length  and 
temperature  of  a  metal  bar.  We  take  various  values  of  one  of  these  quanti- 
ties, and  observe  the  corresponding  values  of  the  other.  If  we  plot  these 
two  sets  of  values  on  squared  paper,  we  usually  find,  if  they  really  depend 
on  each  other,  that  the  points  obtained  lie  approximately  on  some  continuous 
curve.  We  often  wish  to  find  a  formula  connecting  the  two  quantities,  so 
that  when  one  is  known  we  may  be  able  to  calculate  the  other.  To  do  this 
we  must  find  the  equation  of  the  curve. 

79.  Straight  line  laws : — 

We  have  seen  that  any  straight  line  is  represented  by  an  equation  of  the 
first  degree,  y  =  mx  +  c,  and  that  m  denotes  the  slope  of  the  line,  and  c  the 
intercept  on  the  axis  of  x. 

Thus  if  the  observed  quantities  give  points  lying  on  a  straight  line,  we 
can  at  once  find  the  equation  connecting  them,  as  in  the  example  on  p.  90. 

EXAMPLE. — A  restaurant  keeper  .finds  that  if  he  has  G  guests  a  day  his  total  daily 
expenditure  is  E  pounds,  and  his  total  daily  receipts  are  1<  pounds.  The  following 
numbers  are  averages  obtained  from  the  books  : — 


G. 

E. 

R. 

210 

167 

IS"? 

270 

19-4 

21'2 

320 

21*6 

26-4 

360 

23'4 

29-8 

Find  the  simple  algebraical  laws  which  seet/i  to  connect  E  and  R  with  the  number  of 
guests  G.  (Board  of  Education  Examination,  1901.) 

Plotting  these  values,  we  get  the  straight  lines  AB  and  CD  (Fig.  67). 
Let  R  =  »/,  G  +  clt  be  the  equation  of  the  line  AB.     To  find  »/,  and  ct  take 
two  points,  A  and  B,  on  the  line  at  considerable  distance  apart. 

Co-ordinates  of  A  arc  (210,  15*7) 
B  are  (350,  29) 

Since  these  points  are  on  the  straight  line 

k  =  OT|  G  -r  t| 
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their  co-ordinates  satisfy  this  equation,  and  we  have 

157  =  2io0z,  +  f| 

29  =  35°'"j  +  c\ 


£ 
29 

27 

ct 
•^25 

6 

Uj 

V23 

8 

.$  21 
19 

C 
A< 

152 

/ 

/ 

B 

/^ 

( 

jX^ 

/ 

R 

/ 

— 

/ 

^ 

y 

f 

>  c 

•< 

^ 

/ 

£ 

/ 

/ 

I 

^ 

^" 

i[ 

/ 

' 

^ 

i 

^t 
-*( 

y 

/ 

s- 

^ 

y 

/ 

^ 

•*1 

X^1 

2 

* 

10       230         250        270        290         310         330        350 

Values  of  Q 
FIG.  67. 

Solving  these  as  simultaneous  equations  for  »/,  and  <r,,  we  get 

mr  =  0-095  »  fi  =  ~  4'2S 
.*.  the  required  law  connecting  R  and  G  is 

R  =  0-0950  —  4*25 

Similarly,  if  E  =  mtG  +  ct  is  the  equation  of  the  straight  line  CD,  we  take  points  C 
and  D  on  the  line,  and  substitute  their  co-ordinates  in  the  equation, 

we  get  167  =  210m,  +  ct 
23-4  =  360^.,  +  <-, 

we  get  wf  =  0-0447,  ct  —  7'32>  an(i  E  =  0*04470  +  T$2- 


EXAMPLES.— XLV1 1. 

In  the  following  examples  the  expression  "  the  law  connecting  y  and  x  "  is  undci- 
stood  to  mean  a  formula  arranged  so  that  y  can  be  readily  calculated  when  x  is 
known,  such  a&y  =  mx  +  c,  i.e.  a  formula  giving  y  explicitly  in  terms  of  x. 

Find  the  law  connecting  y  and  x  when  the  following  corresponding  values  are 
given : — 

1. 


X 

10 

25 

54 

72 

y 

17 

47 

105 

141 
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2. 


X 

12 

IS'3 

17-8 

19 

y 

24-4 

29 

32-6 

34-2 

3. 

X 

50 

62-4 

80-5 

97 

y 

7'5 

6-5 

S-05 

37S 

4.  L  is  the  latent  heat  of  steam  at  temperature  0°  C.     Find  a  simple  formula 
giving  L  in  terms  of  6. 


9 

75 

90 

100 

"5 

125 

L 

554 

544 

536 

526 

519 

5.  H  is  the  total  heat  of  a  pound  of  steam  at  temperature  0°  C.     Find  a  formula 
giving  H  in  terms  of  6. 


9 

65 

85 

IOO 

no 

I2O 

H 

626-3 

632-4 

637-0 

640-1 

643T 

6.  V  c.c.  is  the  volume  of  a  certain  quantity  of  gas  at  temperature  t°  C,  the 
pressure  being  constant.     Find  the  law  connecting  V  and  /. 


/ 

27 

33 

40 

55 

68 

V 

109-9 

II2'O 

II4-7 

1  20-  1 

125 

7.  /  ft.  is  the  length  of  an  iron  bar  under  a  stress  of  W  tons.     Find  the  law 
connecting  /  and  \V. 


W 

o 

i 

1-8 

3-2 

4'3 

6 

/ 

10 

10-005 

lO'OIO 

10-0175 

10-0225 

10-0325 
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8.  V  is  the  volume  of  a  certain  quantity  of  mercury  at  temperature  0°  C.     Find 
the  law  connecting  V  and  0. 


e°c. 

18 

36 

60 

72 

•90 

V  cc 

100-32 

100-65 

101-07 

101-30 

101*61 

9.  The  following  table  gives  the  specific  heat  j  of  water  at  temperature  0°  C 


0 

0° 

2° 

4° 

6° 

8° 

J 

I  -00664 

1-00543 

I  '00435 

1-00331 

1-00233 

Find  an  approximately  correct  simple  algebraic  law  connecting  j  and  0. 

10.  S  is  the  specific  heat  of  mercury  at  temperature  t°C.    Find  the  law  connecting 
S  and  /. 


/ 

79° 

100° 

119° 

130° 

S 

0*0325392 

0-0323460 

0-0321712 

0*0320700 

11.  S   is  the   weight   of  sodium   nitrate   dissolved   by    loo  grms.    of  water   at 
temperature  t°  C .     Find  the  law  connecting  S  and  t. 


S 

68-8 

72-9 

87-5 

IO2 

t 

-6 

o 

20 

40 

12.  S  is  the  weight  of  potassium  bromide,  which  will  dissolve  in  100  grms.  of 
water  at  temperature  t°  C. 


t 

0 

20 

40 

60 

80 

S 

53'4 

64-6 

74-6 

84-7 

93'5 

13.  The  following  table  gives  the  amount  £A.  of  a  certain  sum  of  money  at 
simple  interest  for  n  years.  Find  a  simple  algebraical  law  connecting  A  and  «,  and 
by  means  of  this  law  calculate  the  amount  in  7  years. 


n 

2 

S 

8 

10 

A 

3t8'6 

354 

389*4 

413 
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14.  The  following  is  taken  from  the  price-list  of  Marshall's  horizontal  engines. 
H  denotes  the  horse-power  of  an  engine,  and  P  its  price  in  pounds. 


H 

6J 

10 

H 

19 

21 

26 

33 

40 

48 

56 

P 

31 

37 

46-5 

•57'5 

67 

83 

104 

124 

US 

162 

Find  a  simple  algebraic  law  connecting  P  and  H.  Also  find  an  approximate  law 
connecting  the  cost  C  per  unit  H.P.,  and  the  total  H.P.  of  an  engine  ;  and  plot  a 
curve  to  show  the  value  of  C  for  any  value  of  H  from  6£  to  56. 

15.  The  following  table  is  taken  from  the  price  list  of  Tangye's  horizontal  air- 
pump  condensers. 

d  is  the  diameter  in  inches,  P  is  the  price  in  pounds. 


d 

6 

7 

8 

9 

10 

12 

14 

16 

18 

20 

22 

24 

26 

30 

P 

25 

27 

30 

33 

35 

40 

5° 

55 

60 

70 

75 

85 

90 

100 

What  would  you  expect  the  price  to  be  for  a  diameter  of  28  ins.  ?  Find  a  simple 
approximately  correct  algebraic  law  connecting  the  price  and  the  diameter.  Test  the 
accuracy  of  your  result  by  calculating  from  it  the  price  for  a  diameter  of  16  ins.,  and 
comparing  with  the  table. 

16.  The  following  are  corresponding  values  of  the  speed  and  induced  volts  in  an 
arc  light  dynamo.  Find  the  law  connecting  the  volts,  and  the  revolutions  per  minute. 


Revolutions  per  minute  «  .     . 

200 

320 

495 

621 

744 

165 

270 

410 

525 

625 

17.  In  the  following  results  of  Willans'  engine  trials,  \V  is  the  weight  of  steam 
per  hour  ;  I  the  indicated  horse-power.  For  each  set  of  results  find  an  approximate 
linear  law  connecting  W  and  I. 


I 

3I-63 

27-24 

21-87 

16-11 

11-50 

9*06 

W 

8ir8o 

686-1 

w 

465-26 

345-4 

266-22 

18. 

I 

40-14 

33-25 

25-61 

18-69 

I0'8l 

W 

671-44 

564-2 

443-22 

336-I3 

2I9'I 
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19. 

I 

33^9 

27-11 

22*09 

11-86 

n-66 

W 

492*12 

411-47 

34973 

216-50 

2I2'6o 

20.  The  following  table  is  obtained  from  the  results  of  experiments  to  find  how 
the  pull  exerted  at  the  draw-bar  by  an  electric  locomotive  depends  upon  the  current. 
P  is  the  pull  in  pounds,  A  the  current  in  amperes. 


P 

400 

880 

1370 

1600 

2080 

2400 

A 

65 

86 

106 

116 

»37 

150 

Find  the  current  required  for  a  pull  of  2000  Ibs.  Find  a  simple  approximately 
correct  algebraic  formula  giving  A  for  any  value  of  P  within  the  limits  of  the 
experiments. 

21.  The  following  are  corresponding  values  of  the  torque  and  current  in  the 
armature  of  an  Edison  Bipolar  Dynamo. 


Torque  inch-lbs.    . 

76 

145 

290 

380 

500 

575 

Current  amperes    . 

II 

20 

40 

52 

68 

78 

Find  a  simple  algebraic  law  connecting  the  torque  and  the  current  in  the  armature. 

22.  P  is  the  pull  required  to  lift  a  weight  W  by  means  of  a  differential  pulley 
block.     Find  the  law  connecting  P  and  W. 


W 

56 

112 

1  68 

224 

340 

P 

10 

17 

24 

28 

42 

W 

If  A  is  the  distance  moved  by  P  to  lift  W  i  ft.  the  efficiency  is  =j.     Find  the  law 

connecting  the  efficiency  and  the  weight,  having  given  h  =  27-2  ft 


80.  Other  Forms  reduced  to  Straight  Line  Laws.  —If  we  have  a 
number  of  corresponding  values  of  randy  which  are  connected  by  a  law 
of  the  form  y  —  a  +  fix2,  then,  if  we  plot  x  and  y,  we  shall  get  a  parabola 
which  is  not  easily  identified.  If,  however,  we  plot  y  and  .ar2,  we  get  a  straight 
line,  because  the  equation  y  =  a  +  £(.r2)  is  of  the  first  degree  in  the  two 
variables  y  and  x2. 


EXAMPLE. — The  following  values  of  x  and  y  are  supposed  to  follow  a  law  of  the 
formy  =  a  +  by?.     Test  this,  and  find  the  values  of  the  constants* 
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X 

»9 

25 

31 

38 

44 

y 

1900 

3230 

4900 

7330 

9780 

Calculate  the  values  of  x*,  and  then  plot.y  and  x*. 


** 

361 

625 

961 

1444 

1936 

9000 


8000 


7000 


6000 


«50OO 

<a 
,5 

"5 


3000 


2000 


1000 


300       600 


900        1200      1500 

Values  of  x2 
FIG.  63. 
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The  result  is  the  straight  line  AB,  Fig.  68.  To  find  the  values  of  a  and  6, 
take  any  two  points  A  and  B  on  the  straight  line,  and  substitute  the  co-ordinates  of 
the  points  A  and  B  in  the  equation^  =  a  +  bx*. 

We  get  two  simultaneous  equations  to  find  a  and  b. 


3045  =  a  +  6oo3  \ 
9155  =  a  +  18006) 
.*.  b  =  5*092  ;  a  =  — 10 

y  =. 


and  the  required  law  is 


81.  Similarly,  many  other  algebraical  laws  may  be  represented  by 
straight  line  laws  by  plotting  suitable  powers  or  products  of  the  variables. 

E&  if  y  —  axy  +  ^>  we  £et  a  straight  line  by  plotting  y  and  xy,  because 
the  equation  is  of  the  first  degree  in  y  and  xy. 


'34 


Practical  Mathematics 


If  xy  —  ax  +  by  we  have,  dividing  by  JT,  y  =  a  +  b( -).     This  is  of  the 
V 

first  degree  inj  and  -j  and  therefore  we  get  a  straight  line  by  plotting  these 
quantities. 

EXAMPLE  (i). —  The  following  values  of  x  and  y  are  supposed  to  follow  a  law  of  the 
form  y  =  bxy  +  c.     Test  this,  and  find  the  law. 


X 

3 

4-6 

5'2 

6-9 

y 

075 

0-416 

0*357 

0-253 

Calculating  the  values  of  xy,  we  get 

*y 

2-25 

1-914 

1-856 

»749 

Plotting  y  and  xy  we  get  a  straight  line,  and  therefore  the  law  is  of  the  above 
form.  The  student  should  draw  the  figure  for  himself.  Taking  two  points  on  the 
line,  and  substituting  their  co-ordinates  in  the  equation  y  =  bxy  +  c  ,  we  obtain  two 
simultaneous  equations  to  find  b  and  c. 

Solving  these  we  get  b  =  I,  c  =  —  1*5,  and  the  law  connecting  xy  and  x  is 


EXAMPLE  (2).  —  The  following  are  results  of  Mrs.  Ayrton's  experiments  to  find  the 
relation  between  the  potential  difference  V  and  the  current  A  in  the  electric  arc. 
Length  of  arc  =  2  mm. 


A  amperes 

1-96 

2-46 

2-97 

3'45 

3-96 

4'97 

5'97 

6-97 

7'97 

9-0 

V  volts  . 

50-25 

487 

47^ 

47'5 

46-8 

457 

45-0 

44-0 

43  '6 

43'5 

W  =  VA 

watts  cal- 
culated . 

98-49 

1187 

H77 

163-9 

I85-3 

227-2 

268-7 

3067 

3467 

39I-3 

It  was  required  to  find  an  equation  connecting  V  and  A.  On  plotting  V  and  A 
a  curve  was  obtained  whose  equation  was  not  at  once  evident. 

When  the  power  in  watts,  W  equal  to  VA,  and  the  amperes  were  plotted  the 
result  was  a  straight  line  (Fig.  69). 

The  calculated  values  of  W  are  given  in  the  third  line  above. 

Let  the  equation  to  this  straight  line  be 


By  measurement  from  the  figure  we  find, 


when  A  =  I,  W  =  63 
.,     A  =  10,  W  =  434 
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substituting  in  I, 


63  =  a  +  b 
434  =  lea  +  b 


Solving  we  get  a  =  41-22,  b  —  21  '8. 
/.  W  =  VA 


21-8 


This  is  the  law  connecting  V  and  A,  and  is  the  equation  to  the  curve  II  shown 
in  the  figure. 
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Values  of  A  (amperes) 

FIG.  69. 


It  will  be  seen  that  some  of  the  points  are  above  and  some  below  the  line 
After  plotting  the  results  of  any  experiment  in  this  way,  the  distance  of  the  plotted 
points  above  or  below  the  curve  enables  us  to  form  an  estimate  of  the  most  probable 
degree  of  error  in  each  reading  in  so  far  as  it  is  not  due  to  some  permanent  cause 
such  as  a  defect  in  the  apparatus,  to  see  which  are  the  best  results,  and  what  is  the 
most  probable  average  degree  of  accuracy  in  the  whole  series  of  observations. 

It  should  be  remembered  that,  in  a  case  like  the  curve  II  (Fig.  69),  where  the 
vertical  scale  does  not  begin  at  zero,  the  divergence  of  the  various  readings  from  the 
curve  must  be  reckoned  on  the  whole  value  of  the  quantity  represented  by  the  ordinate 
in  estimating  the  accuracy  of  the  experiments,  and  not  only  on  the  part  actually  shown 
in  the  figure. 


EXAMPLES.— XL  VIII. 

In  examples  I  to  II,  y  and  x  are  connected  by  one  or  other  of  tjie  laws_y  =  a 
•=  a  +  bxy,  xy  —  ax  -f-  by. 
Find  the  law  and  the  values  of  the  constants  in  each  case. 
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* 

1. 

X 

39'5 

57'6 

70-8 

88-5 

y 

333 

685 

1061 

1587 

2. 

X 

19 

25 

3i 

38                    44 

y 

1908 

3228 

4908 

7323                9783 

3. 

X 

2-05 

4'3* 

5-62 

7-84 

y 

2-8 

i  '43 

I'M 

0-816 

4. 

* 

1*3 

3'4 

6-2 

8'3                         I2'2 

y 

0-56 

0*91 

1*11 

ri8               1-27 

5. 

X 

6-1 

9'3 

I3'S 

17-6 

y 

44'4 

40-96 

337S 

25-3 

e. 

X 

0'45 

0-97 

i  '3 

2'5 

y 

6-48 

7'9 

9-17 

22'4 

7. 

X 

3 

4-6 

5'2 

6-9                 7-1 

y 

075 

O'4i6 

0-357 

o'253              0^246 
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8. 


x                        3*                        47                         63                        85 

y                            8-35                         9-41                           10-  1                          107 

9. 

M 

2'I 

5'4 

67 

9'3 

IO'2 

y 

1-825 

0-885 

0-832 

0-778 

0-767 

10. 

X 

6 

6'93 

7-48 

8-66 

9'22 

y 

7'5 

11-5 

13-8 

20'  5 

23'5 

11. 

X 

65-S 

76-2 

82-7 

92-6 

977 

y 

55 

63 

677 

81 

87 

12.  The  following  table  gives  the  horse-power  required  to  drive  a  certain  vessel 
at  a  speed  of  V  knots  :  — 

H.P. 

290 

560 

"44 

1810 

2300 

V 

5 

7 

9 

ii 

12 

It  is  supposed  that  the  H.P.  is  connected  with  the  speed  by  a  law  of  the  form 
H.P.  =  £V*  +  C  where  k  and  C  are  constants.  Test  this,  and  find  the  approximate 
values  of  the  constants. 

13.  The  following  are  results  of  Westinghouse  and  Gallon's  experiments  on  the 
friction  of  steel  rails  on  steel  tyres. 


Velocity  in  miles  per  hour  =  V  .     . 

25 

38 

45 

50 

Coefficient  of  friction  =  >t  .     .     . 

o'oSo 

0-051 

0-047 

0-040 

Find  the  law  connecting  V  and  >». 
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14.  R  is  the  resistance  in  pounds  per  ton  to  the  motion  of  a  train  at  V  miles  pei 
hour.     Find  the  law  connecting  R  and  V. 


V 

10 

20 

30 

40 

SO 

R 

7 

9'I 

H'5 

2O 

29 

15.  The  following  is  taken  from  the  price-list  of  Clyburn's  adjustable  spanners. 
S  is  the  size,  and  P  the  price  in  shillings. 


S  inches 

4 

i 

i 

I| 

i* 

if 

2 

a} 

2* 

P 

3'5 

4'5 

6 

7'5 

9'5 

12 

is 

18 

21 

Find  an  approximately  correct  algebraical  law  connecting  P  and  S. 


16.  The  following  is  taken  from  the  price-list  of  Tangye's  gun-metal  plug-taps 
S  is  the  size  in  inches,  and  P  the  price. 


S 

i 

* 

i 

f 

i 

i* 

i| 

2 

P 

2 

275 

3'5 

5 

7'5 

1075 

1375 

22-5 

Find  an  approximately  correct  algebraical  law  connecting  P  and  S. 

17.  The  average  power  sent  out  by  an  electrical  company  is  P.  x  pence  is  the 
charge  per  horse-power  hour  which  will  just  cover  the  cost  of  this.  Find  a  simple 
algebraical  law  connecting  x  and  P. 


P 

1000 

750 

500 

250 

100 

X 

I'l 

i'3 

«*5 

2-4 

4'9 

18,  The  data  in  examples  18,  19,  20,  are  results  of  Mrs.  Ayrton's  experiments  on 
the  resistance  of  the  electric  arc.  As  in  the  worked  example  above,  find  for  each 
case  the  formula,  giving  V  in  terms  of  A. 

Length  of  arc  =  3  mm. 


A  (amps.) 

1*96 

2  '46 

2*97 

3'45 

3'96 

4'97 

5'97 

6-97 

7'97 

V  (volts.) 

67*0 

6275 

5975 

58-5 

56-0 

53'5 

52'0 

51-4 

50-6 
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19.  Length  of  arc  =  4  mm. 


'39 


A 

2  '46 

2'97 

3'45 

3'96 

4-97 

5-97 

6-97 

7'97 

V 

677 

65-0 

63-0 

6i'o 

58-25 

56-25 

55'i 

54'3 

20.  Length  of  arc  =  2  mm. 


A 

r96 

2-46 

2'97 

3'45 

3-96 

4'97 

S'97 

6-97 

7*97 

V 

60  o 

55-75 

53'S 

52*0 

51-2 

49-8 

49-0 

48-1 

47'4 

21.  A  hydrometer  is  found  to  give  the  following  readings  r  when  immersed  in 
liquids  of  density  D.  Find  the  law  connecting  D  and  r  for  this  hydrometer,  and  from 
this  law  draw  the  calibration  curve  showing  D  as  ordinate  for  any  value  of  r  between 
10  and  40  as  abscissa. 


D 

0*91 

O'OO 

0-88 

0-86 

r 

24-3 

26 

29-7 

33'S 

22.  r  is  the  reading  of  a  hydrometer  intended  for  measuring  the  densities  of 
liquids  heavier  than  water,  when  immersed  in  a  liquid  of  known  density  D.  Find  a 
formula  to  give  D  for  any  value  of  r  from  r  =  o  to  r  =  50.  What  is  the  density  of  a 
liquid  for  which  the  reading  is  30. 


r 

0 

I3-9 

40 

43 

5° 

D 

i 

n 

1-38 

1-42 

''S3 

23.  v  is  the  viscosity  of  water  at  temperature  6°  C.     Find  the  law  connecting 
v  and  6. 


e 

3 

5 

8 

IO 

V 

€••0142 

0-0134 

CTOI22 

O'OIl6 

24.  E  is  the  thermo-electric  E.M.F.  at  the  junction  of  copper  and  lead  at 
temperature  1°  C.  when  the  other  junction  is  at  10°  C. 


/ 

—  2IO 

-5 

1  20 

350 

E  (io-«  volts) 

-558 

-  H 

357 

1  122 

Find  a  law  of  the  form  E  =  at  +  bt*  connecting  E  and  /. 
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82.  General  Formula  connecting  Two  Variables. — It  may  happen 
that  on  plotting  two  variables  y  and  x  we  get  a  regular  curve  after  allowing 
for  errors  of  observation,  but  that  we  can  find  no  simple  algebraic  law  con- 
necting/ and  x. 

Also  we  may  sometimes  require  a  more  exact  formula  than  the 
approximate  algebraic  laws  found  by  one  of  the  above  methods. 

In  this  case  we  may  assume 

y  =  a  +  bx  +  ex* 

Taking  the  co-ordinates  of  three  points  from  the  curve  and  substituting, 
we  obtain  three  simultaneous  equations  to  find  the  three  constants  a.  6, 
and  c. 

If  this  law  is  not  sufficiently  exact,  we  may  assume 

y  =  a  +  bx  +  ex*  +  dx? 

and  find  the  constants  by  substituting  the  co-ordinates  of  four  points  on  the 
curve. 

We  shall  usually  find  that  the  constants  get  smaller  as  we  proceed  to 
higher  powers  of  x,  and  that  the  assumed  law  can  be  made  as  exact  as  we 
please  by  carrying  the  series  to  a  sufficiently  high  power  of  x. 

EXAMPLE. —  The  following  table  gives  the  modulus  of  torsion  T  of  steel  at  various 
temperatures  0.  Find  a  formula  to  calculate  Twhen  Q  is  known. 


0  degrees  c    

o 

20 

4O 

60 

so 

IOO 

T  kilogrammes  per  sq.  mm. 

8290 

8253 

8215 

8176 

8136 

8094 

Plotting  T  and  0,  we  get  a  series  of  points  which  lie  on  a  regular  curve,  which  is 
nearly,  but  not  quite,  a  straight  line. 


8300 


IL 


5 
5>S8200 


8100 


20  40  60  80 

Values  of  9  (degrees  Cent.) 
Via,  70. 


100 


Determination  of  Laws 


141 


The  student  should  plot  this  curve  for  himself  on  a  large  scale. 

It  is  evident  from  the  figure  that  the  variation  from  a  straight  line  law  is  not  due 
to  errors  of  observation,  and  if  we  assume  a  straight  line  law  the  resulting  formula 
will  be  less  accurate  than  the  given  data. 

There  is  nothing  to  lead  us  to  assume  any  special  form  for  the  law  connecting  T 
and  6,  and  accordingly  we  assume 

T  =  a  +  be  +  cP 

In  this  case,  since  the  points  representing  the  given  data  lie  exactly  on  the  curve 
to  as  high  a  degree  of  accuracy  as  we  can  plot  them,  we  may  take  three  of  the  given 
values  for  the  purpose  of  calculating  the  constants. 

In  cases  of  this  sort  the  points  which  are  plotted  from  the  given  data  will  not 
usually  lie  exactly  on  the  curve,  owing  to  small  errors  of  observation.  The  values 
for  calculating  the  constants  must  then  be  taken  from  the  curve,  and  not  from  three  of 
the  given  pairs  of  values,  because  the  curve  has  been  drawn  so  as  to  compensate  for 
small  errors  of  observation. 

Substituting  the  pairs  of  values  of  T  and  6,  for  which  6  =  o°,  60°  and  iooc 
respectively,  we  get 

8290  =  a 

8176  =  a  +  606  +  300CX- 

8094  =  a  +  1006  +  looooc 

Solving  these  simultaneous  equations  in  a,  b,  and  c,  we  get 
a  =  8290  ;  b  =  —  i'8i  ;  c  =  —  0-0015 
.'.  the  required  law  connecting  T  and  0  is 

T  =  8290  -  i-8i0  -  0-00159* 
To  test  this  formula  we  have,  substituting 

fl  =  8o° 

T  =  8290  —  i'8i  x  80  -  0-0015  x  6400 
=  8135-6 

The  value  of  /  given  above  for  0  =  80°  is  8136  ;  this  agrees  with  the  formula  to 
the  degree  of  accuracy  with  which  the  data  are  given. 


EXAMPLES.  — XLIX. 

1.  Find  a  law  of  the  form  y  =  a  +  bx  +  tx*,  connecting  the  following  values  of 
y  and  x  : — 


X 

i 

3 

5 

7 

y 

55 

5'9 

5'5 

4'3 

2.  0  is  the  melting-point  of  an  alloy  of  lead  and  tin  containing*  per  cent,  of  lead. 


* 

87-5 

84-0 

77-8 

637 

46-7 

36-9 

«°c. 

292 

283 

270 

235 

197 

181 

Find  a  formula  giving  the  melting-point  of  an  alloy  containing  my  known  percentage 
of  lead  from  90  to  40  per  cent 
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3.  £  is  the  modulus  of  elasticity  of  steel  in  kilogrammes  per  square  tuillimetie  at 
temperature  f  C. 


t 

o 

So 

too 

\ 
900 

£ 

21,483 

21,364 

21,212 

20,458 

Find  a  formula  to  calculate  E  in  terms  of  t. 

4.  7  is  the  mean  coefficient  of  expansion  of  mercury  between  temperatures  o°  and 
t°  C.,  according  to  the  results  of  Regnault's  experiments. 


< 

0 

100 

150 

200 

250 

300 

360 

7 

o'oooi8i79 

0-00018216 

0-00018261 

0-00018323 

0^,8403 

Find  the  law  connecting  y  and  /. 


83.  Substitution  of  Linear  for  More  Complex  Laws. — We  have  seen 
that  when  y  and  x  can  be  represented  by  the  co-ordinates  of  points  which  lie 
on  a  regular  curve,  we  can  usually  find  a  formula 

y  =  a  +  bx  +  ex2  +  .  .  .  . 

which  will  represent  the  law  connecting  y  and  x  to  any  desired  degree  of 
accuracy,  according  to  the  number  of  terms  taken. 

When  c  is  small  it  is  sufficiently  accurate  for  many  purposes  to  take  the 
law  y  —  a  +  bx  as  a  sufficiently  close  approximation,  i.e.  when  the  curve  is 
nearly  straight  we  take  a  straight  line  as  representing  the  curve  with 
sufficient  accuracy. 

£.g.  in  the  example,  p.  140,  we  obtained  the  formula 

T  =  8290  -  r8i0  -  0-OOI502 

So  long  as  9  is  not  greater  than  100,  the  error  caused  by  neglecting  the 
third  term  is  not  greater  than  15,  i.e.  about  0-2  per  cent.  Thus  we  might 
take  the  linear  law 

T  =  8290  -  r8i« 

as  an  approximation  to  the  required  law. 

This  suggests  that  when  the  connection  between  y  and  x  is  given  by  a 
complicated  formula,  we  may  represent  this  complicated  formula  by  a  simpler 
linear  formula  to  a  sufficient  degree  of  accuracy,  between  certain  definite 
limiting  values. 


EXAMPLE. — There  is  a  function  y  =  5  logM  x  +  6  sin  ^  x  4-  0-084  (x  —  3'5)z. 
Find  a  much  simpler  function  of  x,  which  does  not  differ  from  it  in  value  more  than 
2  fer  cent,  between  x  —  3  and  x  —  6.  The  angle  ^  x  is  in  radians. 

(Board  of  Education  Examination,  1902.) 
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By  calculation  we  find  the  following  values  : — 
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X 

3 

4 

5 

6 

y 

4-182 

S^S 

6-560 

7-805 

Plotting  these  values,  we  get  a  curve  which  is  very  nearly  straight.  It  is  seen 
from  inspection  of  the  curve  that  a  straight  line  can  be  drawn  so  that  the  value  of  the 
ordinate_y  for  the  straight  line  differs  by  less  than  2  per  cent,  from  the  ordinate  for 
the  curve. 

Draw  this  straight  line,  and  let  ils  equation  bey  =  mx  +  c. 

The  student  should  draw  the  figure  for  himself.  We  find  by  inspection  of  the 
line  that 

when  x  =  3  ;  y  —  4-2 
and  when  x  =  6  ;  y  =  7-8 


Substituting,  we  get 


4-2  =  3^  +  c 
7-8  =  6m  +  c 


Solving  these  simultaneous  equations  in  m  and  r,  we  get 
m  —  I '2  ;  c  =  o'6 

.*.  the  formula  y  =  i  'zx  +  o'6   may  be  used  instead  of  the  given  formula  to   the 
required  degree  of  accuracy. 


EXAMPLES. — L. 

1.  Find  a  simple  linear  formula,  which  gives  the  same  values  of  y  as  the  formula 
y  =  x  +  tji  +  x3  between  x  =  8,  and  jr  =  12,  correct  to  o'2  per  cent. 

2.  There  is  a  function 


Find  a  simpler  formula  which  will  give  the  same  value  of  y  correct  to  less  than 
2  per  cent,  between  x  —  \  and  x  =  7. 

3.  Find  a  simpler  formula  which  will  give  the  same  values  of  y  as  the  formula 

y  =  25  logijjr  +  10  cos \-  o'oSjr* 

between  x  =  5,  and  x  =  10,  with  an  accuracy  of  at  least  i'5  per  cent. 

4.  Find  a  simple  formula  to  give  the  same  values  oiy  as  the  formula 


y  =  2  log,,  5*  +  loo  sin  O'O5.*  + 


X+2 


+  V*  +  2 


correct  to  at  least  2  per  cent,  between  x  =  2  and  x  =  6- 
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84.  Laws  of  the  Form  y  =  axn. — If  the  observed  values  of  two  variables 
y  and  x  are  connected  by  a  law  of  the  form  y  =  axn,  we  get,  on  taking  logs 
of  both  sides  of  this  equation, 

(log^)  =  «(log  x)  +  log  a 

This  is  an  equation  of  the  first  degree  in  (log_y)  and  (log  x\  and  there- 
fore, if  we  plot  values  of  (log^y)  as  ordinates  and  values  of  (log  x~)  as  abscissas, 
we  get  a  straight  line. 

Accordingly,  when  such  a  law  is  suspected,  we  plot  the  logarithms  of  the 
two  variables.  If  a  straight  line  is  obtained  it  follows  that  the  above  law  is 
satisfied,  and  the  values  of  n  and  log  a  may  be  found  by  substituting  the 
co-ordinates  of  any  two  points  on  the  line,  and  solving  the  resulting 
simultaneous  equations. 


EXAMPLE  ( I ). —  The  following  quantities  are  supposed  to  follow  a  law  of  the  form 
y  =  ax!".     Test  this,  and  find  the  values  of  a  and  «. 


X 

4 

7 

ii 

15 

21 

y 

28-6 

79  '4 

182 

3i8 

589 

i 

Taking  logs,  we  get 


Log* 

O'6O2 

0-845 

1-041 

I-I76 

I-322 

Log^ 

1-456 

I  '900 

2  '260 

2-502 

2-770 

Plotting  log  y  and  log  x  as  ordinate  and  abscissa  respectively,  we  get  the  straight 
line  AB,  Fig.  71. 

•"•  l°g  y  an(i  log  x  are  connected  by  an  equation  of  the  first  degree,  and  y  and  x  are 
connected  by  a  law  of  the  form  y  —  ax*. 

The  equation  to  this  straight  line  is 

(log  y)  =  «(log  x)  +  log  a 
Reading  off  from  the  figure  the  co-ordinates  of  A  and  B  on  this  line,  we  get 

at  A   log  x  =  0-64  ;  logy  =  1*525 
at  B   log  x  —  1*24  ;  log_y  =  2-62 

Substituting  in  the  equation  to  the  line 

1-525  =  0-64  «  +  log  a 
2*62    =  1-24  «  +  log  a 
:.  n  =  1-82  ;  log  a  =  0-357 
and  .'.  a  =  2-27 

.'.  y  and  x  are  connected  by  the  law^  =  213jr1'83- 
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2-5 


5 

d 


V5 


06  08  1-0  1-2  1-4 

Values  of  log  x 

FIG.  71. 


EXAMPLE  (2). — T  if  the  indicated  horse-power  required  to  drive  a  vessel  of  a  certain 
type,  of  displacement  D  tons,  at  a  speed  of  10  knots.     Find  the  law  connecting  I  and  D. 


D 

1720 

2300 

3200 

4100 

I 

655 

789 

1000 

1164 

To  try  whether  a.  law  of  the  form  I  =  aDn  is  satisfied,  we  plot  the  logs  of  I  and  D. 


LogD 

3'2355 

3'3°i7 

3'505i 

3-6128 

Log  I 

2-816 

2-897 

3-000 

3-066 

Plotting  these  values,  we  get  a  straight  line  AB,  Fig.  72,  and  therefore  I  and  D 
satisfy  an  equation  of  the  form  I  =  aD". 
The  equation  of  this  line  is 

(log  I)  =  «(log  D)  +  log  a 
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We  find  that  at  A 

log  I  =  2-83  ;  log  D  =  3-256 
and  at  B  log  I  =  3*06 ;  log  D  =  3-60 

substituting  2 '83  =  Z'2S^n  +  l°g  a 

3*06  =  3'6o«  -1-  log  a 
Solving,  we  get  n  —  o'fy  ;  log  a  =  0^65 
and  .'.  a  =  4'47 

I  and  D  are  connected  by  the  law 

I  =  4-4700*' 


8-0 


t 

«£-, 


2-9 


9-8 


.& 


3-2  3-3  3-4  35  3'6 

Values  of  log  D 
FIG.  72. 

EXAMPLE  (3). — The  following  table  gives  the  loss  of  power  E  due  to  magnetic 
hysteresis,  for  different  -values  of  the  magnetic  ^induction  B  in  a  transformer  core  built  up 
of  a  certain  quality  of  thin  sheet  iron  : — 


Maximum  B     . 

2000 

4000 

Hysteresis  loss  E  . 

2869 

8700 

6000 

8000 

10,000 

16,660 

26,370 

37,660 
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//  is  supposed  that  a  law  of  the  form  E  =  £Bn  connects  E  and  B.     Test  this,  and 
find  (he  actual  law. 

We  have  the  following  corresponding  values  of  log  E  and  log  B  : — 


LogB 

3-3010 

3-6021 

37782 

3-9031 

4-0000 

LogE 

3-4578 

3-9395 

4-2217 

4-4211 

4-5759 

Plotting  log  E  and  log  B  we  get  a  straight  line,  whose  equation  must  be 
log  E  =  n  log  B  +  log  k 

The  student  should  plot  the  figure  for  himself,  and  verify  the  following  measure- 
ments.    We  find,  from  the  figure,  that 

when  log  E  =  3*8,       log  B  =  3-51 
„    log  E  =  4-325,  log  B  =  3-84 

Substituting  these  values  and  solving  the  resulting  simultaneous  equations,  we  get 

n  =  1*59,  log  k  =  —  1-79,  and  .'.  k  —  o'oi6 
/.  the  required  law  is  E  =  O-OI6B1'88. 


EXAMPLE  (4). — In  the  following  table  u  is  the  volume  in  cubic  feet  of  I  Ib.  of 
saturated  steam  at  a  pressure  of  p  Ibs.  per  square  inch.  Find  the  law  of  the  form 
ptf*  =  C,  connecting  p  and  u. 


u 

26-43 

22-40 

19-08 

16-32 

14-04 

I2'I2 

10-51 

9-I47 

7^95 

p 

147 

I7-53 

20'  So 

24-54 

28-83 

3371 

39-25 

45  '49 

5252 

Taking  logs,  we  get 


Log  u 

1-4221 

1-3502 

1-2806 

1-2127 

i  '1473 

1-0835 

i  -0216 

0-9612 

0-9028 

Log/ 

1-1673 

1-2430 

1-3181 

1-3900 

1-4599 

I-5277 

I-5938 

1-6580 

1-7204 

and,  taking  logs, 


If/w«  =  C,  we  have/  =  Cw~» (i) 

log  p  —  —  n  log  u  +  log  C  ........     (2) 

therefore,  if  we  plot  log/  and  log  u,  we  shall  obtain  a  straight  line  whose  slope  to  the 
axis  of  log  u  is  —  n. 

Plotting  the  values  of  log  u  and  log  /  above,  we  obtain  the  straight  line  AB 
(Fig.  73)- 

We  find  by  inspection  of  the  figure,  that  at  the 

point  A,  where  log  u  =  0-9,  log/  =  1*722 
and  at  B,  where  log  u  =  1*4,  log  /  =  1-190 
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.'.  substituting  in  equation  (2),  we  get 

1722  =  —  «  X  0-9  +  log  C 
1-190  =  —  «  x  i '4  +  log  C 

Solving  these  simultaneous  equations  in  «  and  log  C,  we  get 

«  =  I  -064,  log  C  =  2-6796,  and  /.  C  =  478-2 
/.  the  required  law  connecting  /  and  «  is  pul  ™  =  478"2. 

Values  of  fog  v 


Pressure  p  tn  fba  per  sq.  inch 

-f  to  CO  £  0> 

£  o  o  o  o 

0-9               I'O               11                1-2               t-3               V4              T 

*2-0 
1-9 
1-8 

1-7 

4 
1 

1 

j 

1-3 
t-2 
11 
-1-0 

f, 

•>c 

\ 

\ 

\ 

N 

\ 

^ 

M 

\ 

A 

V 

V 

A 
* 

X 

ly 

s 

x 

V 

X 

\ 

X 

s 

\ 

s, 

™ 

X 

s 

^ 

x 

s 

s 

. 

s 

X. 

s 

s 

X 

V 

X 

x 

. 

N 

•^ 

?! 

x^ 

V. 

^^^ 

X 

•»** 

Q 

^*+* 

•**. 

© 

1               1O               13               16               19               22              25 

Volume  of  one  pound  of  steam  In  cubis>ft.**u 
Fio.  73. 

This  is,  therefore,  the  equation  of  the  curve  CD,  which  is  obtained  by  plotting 
the  values  of/  and  u. 


EXAMPLES. — LI. 

Find  the  law  connecting  y  and  x  when  the  following  corresponding  values  are 
given  : — 


f 

*•$ 

3 

37 

4-8 

y 

9'9 

IS-6S 

26-4 

50-8 
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X 

IO 

17 

23 

28        35 

y 

41-8 

98-5 

l62 

221-5      3l6 

3. 

X 

132 

iS4 

165 

181 

y 

327 

40 

44 

50 

4. 

X 

4-5 

$' 

7 

7  '3 

8-9 

y 

227 

464 

976 

1770 

5. 

X 

2 

3'5 

4-2 

7        9'i 

y 

20-8 

i9S 

407 

3120      8960 

e. 

X 

253 

270 

305 

360 

y 

137 

194 

370 

895 

7. 

X 

5 

T 

3 

8-2 

9-6 

y 

2-4 

0-769 

o-543 

o-337 

8. 

X 

i'S 

2 

8 

5-6 

8'3 

y 

o-573 

0-243 

0-094 

0-055 
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9. 


X 

0-00155 

0-00316 

0*00631 

0-040 

0-144 

0-316 

y 

67-6 

39'*> 

23H 

7'i 

3'5 

2'0 

In  the  following  examples  p  and  v  are  corresponding  values  of  the  pressure  and 
volume  of  steam  and  various  gases  in  adiabatic  expansion.  Find  whether  they  are 
connected  by  a  law  of  the  form  /z'"  =  C  ;  and,  if  they  are,  find  the  value  of  «  in 
each  case. 

10.  Steam. 


V 

2 

4 

6 

8 

10 

p 

68-7 

3i'3 

19-8 

'4'3 

ii'S 

11.  Steam. 

V 

4 

5 

6 

8 

10 

P 

717 

587 

49  -6 

38-5 

SI'S 

12.  Superheated  steam. 

V 

2 

4 

6 

8 

10 

P 

105 

42-7 

25-3 

16-7 

13 

13.  Mixture  in  cylinder  of  a  gas-engine. 

V 

0-8 

2 

4 

6 

9 

P 

200 

57 

22 

12-6 

7-2 

14.  Air. 

V 

2 

4 

6 

8 

10 

P 

18-8 

7-07 

4 

2-66 

i  '95 

Determination  of  Laws  151 

16.  Air  is  compressed  without  gain  or  loss  of  heat  The  following  table  gives 
the  absolute  temperature  (Fahr.)  at  different  pressures.  Find  the  law  connecting  / 
and/. 


Absolute  temp.  f°  Fahr. 

521 

637 

779 

876 

Pressure  /  Ibs.  per  sq.  inch  . 

IS 

30 

60 

90 

16.  F  is  the  force  between  two  magnetic  poles  at  distance  d  cms.  apart.     Find  the 
law  connecting  F  and  d. 


d  cms.  .     .     . 

I'2 

1-9 

2'3 

3'2 

4-5 

F  dynes    .     . 

4'44 

177 

i*ai 

0-625 

0-316 

17.  D  is  the  diameter  in  inches  of  wrought-iron  shafting  required  to  transmit  H 
horse-power  at  70  revolutions  per  minute.     Find  the  law  connecting  D  and  H. 


H 

10 

2O 

30 

40 

50 

60 

70 

80 

D 

2'II 

2-67 

3'°4 

3'36 

3'6i 

3-82 

4-02 

4-22 

18.  D  is  the  diameter  in  inches  of  wrought-iron  shafting  required  to  transmit 
50  horse-power  at  N  revolutions  per  minute.  Find  the  law  connecting  D 
andN. 


N 

20 

40 

60 

80 

D 

S'46 

4'34 

3-8o 

3'45 

19.  At  the  following  draughts   a   particular  vessel  has  the  following  displace- 
ments : — 


Draught  A  feet      .... 

18 

13 

II 

9'5 

Displacement  V  cubic  feet  . 

107200 

65800 

51200 

41100 

Plot  log  V  and  log  A,  and  find  a  law  connecting  V  and  A. 

20.  I  is  the  indicated  horse-power  needed  for  the  propulsion  of  ships  of  a  certain 
class  at  16  knots.  D  is  the  displacement  in  tons.  Plot  log  I  and  log  D,  and  find  an 
approximate  law  connecting  I  and  D. 
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D 

MOO 

1530 

1820 

2500 

3130 

I 

440 

55° 

62O 

770 

890 

21.  The  following  are  results  of  Hodgkinson's  experiments  on  the  strength  of 
cast-iron  pillars.  W  is  the  breaking  weight  of  a  pillar  10  ft.  long,  and  of  diameter 
d  inches. 

It  is  known  from  many  similar  experiments  that  W  and  d  are  connected  by  a  law 
of  the  form  W  =  kd*.  Find  this  law  as  given  by  the  mean  of  the  first  two  and  the 
mean  of  the  second  two  results. 


d 

2-511 

2-496 

i  '530 

1'541 

W 

63500 

58325 

1  1200 

10870 

(Phil.  Trans.,  1841.) 

22.  A  steamship  at  the  following  speeds  (v  knots)  uses  the  following  indicated 
horse-power  (P) : — 


V 

IO 

12 

14 

16 

18 

20 

P 

1066 

1912 

32l6 

4951 

736i 

10,355 

Find  if  there  is  a  law  of  the  form  P  =  afvn,  and  if  so  what  are  the  most  probably 
correct  values  of  a  and  n.  There  are  experimental  errors  in  the  observed  values  of 
V  and  P.  (Board  of  Education  Examination.) 

23.  The  following  table  gives  the  loss  of  power  E  due  to  magnetic  hysteresis  for 
different  values  of  the  magnetic  induction  B  in  a  transformer  core  -of  ordinary  sheet 
iron.  Find  the  law  connecting  E  and  B. 


B 

IOOO 

3000 

5000 

7000 

9000 

E 

1262 

7380 

16600 

28400 

42400 

24.  The  following  data  are  taken  from  the  wiring  rules  of  the  Institution  of 
Electrical  Engineers.  C  is  the  maximum  current  in  amperes  for  rubber -covered  wires, 
exposed  to  high  external  temperatures,  of  cross-sectional  area  A  square  inches.  Find 
the  law  connecting  C  and  A.  . 


C 

3'2 

5'9 

9-0 

22  "O 

42'O 

68-0 

84 

102 

A 

0-001810 

0-004072 

0-007052 

Q'02227 

O'O5 

0-09442 

0-125 

0-1595 

25.  In  the  following,  C  and  A  have  the  same  meaning  with  reference  to  wires 
exposed  to  ordinary  external  temperatures.     Find  the  law  connecting  C  and  A. 
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c 

"3 

237 

354 

425 

493 

624 

6S8 

75° 

A 

0*1 

0-2455 

0-4 

0'5 

0-6 

0-8 

0-9 

I'D 

26.  The  following  are  results  of  Beauchamp-Tower's  experiments  on  friction. 
H  is  the  coefficient  of  friction  in  a  certain  bearing  running  at  a  velocity  of  V  feet  per 
minute. 


V 

105 

157 

209 

262 

314 

366 

419 

471 

M 

o'ooiS 

O'OO2  1 

CCOO25 

0*0028 

0-003 

0-0033 

0-0036 

0*004 

Find  the  law  connecting  ft.  and  V. 

(Proceedings  of  the  Institution  of  Mechanical  Engineers,  1883,  pp.  633-653.) 

27.  /x  is  the  coefficient  of  friction  in  a  bearing  revolving  at  a  speed  of  20  ft.  per 
minute  under  a  normal  load  L  Ibs.     Find  the  law  connecting  p.  and  L. 


L 

443 

333 

211 

89 

M 

0*00132 

0*00168 

0*OO247 

0*0044 

85.  Compound  Interest  Law  y  =  ae**. — If  y  =  aebxt  we  have,  taking 
logs  to  base  10, 

=  bx  Iog10  e  +  Iog10  a 
Iog10<* 


This  equation  is  of  the  first  degree  in  Iog10  y  and  x;  and  therefore,  if  we 
plot  log^^  and  x  we  get  a  straight  line  whose  slope  to  the  axis  of  x  is 


EXAMPLE  (i).  —  Test  the  following  -values  of  x  and  y  for  a  law  of  the  form  y  =  ae6*, 
and  find  the  -values  of  the  constants. 


y 

3*86 

4-2 

5'i 

6'3 

7 

X 

2*701 

2*870 

3-258 

3'68i 

3-892 

We  have  the  following  values  of  loglo.y  :  — 

logins 

0-587 

0*623 

0*708 

0*799 

0-845 

On  plotting  log ^y  and  x  we  get  the  straight  line  AB,  Fig.  74. 
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The  equation  of  this  line  is 

log,,  y  —  o"4343&r  +  log,0  a 

At  A,  log  y  =  0-576,     x  =  2-625 
at  B,  log  y  =  0-8355,  x  =  3-850 

Substituting  in  the  equation,  and  solving  the  resulting  two  simultaneous  equations  in 
b  and  log  a,  we  get 

b  =  0*488,  log  a  =  o'O2 

and  .".  a  =  i  "047 
.*.  the  required  law  connecting  y  and  x  is 

>=  I-047,-0'*88* 


o-c 


Si 


0-6 


> 


y 


25 


8-0  3-5 

Values  of  x 

FIG.  74. 


4-0 


EXAMPLE  (2). — The  following  are  the  results  of  an  experiment  to  find  the  law 
governing  the  friction  of  a  string  -wrapped  round  a  metal  bar. 

A  weight  of  2  oz.  was  hung  at  one  end  of  the  string,  and  weights  W  at  the  other,  so 
as  to  counterbalance  the  weight  of  2  oz.,  and  the  friction,  and  to  cause  slipping.  The 
extent  of  the  string  in  contact  with  the  bar  was  measured  by  the  angle  0,  which  is  sub- 
tended at  the  centre  of  the  cross-section  of  the  bar,  e.g.  when  the  string  is  wrapped  once 
round  6=2*  radians.  It  is  required  to  find  the  law  connecting  W  and  0. 


6  radians  . 

O'5ir 

it 

i'5» 

2tt 

2'Sir 

3* 

3-5* 

47T 

4'5'r 

5" 

S'S* 

6» 

W  oz.  .     . 

2-875 

4-000 

57°6 

8-901 

IZ'437 

14-700 

19-062 

26-5 

3375 

40*00 

52-00 

76-OO 
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On  plotting  the  values  of  0  and  W  we  obtain  the  curve  AB,  Fig.  75.     The  theory 
of  the  subject  suggests  that  the  law  is 

W  =  w^° 

where  ft  is  the  coefficient  of  friction,  and  w  =  2  oz.,  is  the  constant  weight  hung  at 
one  end  of  the  string. 
Taking  logs,  we  get 

log,,  W  =  n6  log,,/  +  log,,  w 
.  0  +  log  w 


To  try  whether  a  law  of  this  form  is  satisfied,  we  plot  log  W  and  6.     We  obtain 
the  straight  line  CD,  as  representing  the  results  best  on  the  whole,  thus  verifying  that 

the  law  is  of  the  form  W  =  ae?  . 


7t  27T  3ZT  47T 

/  lap  2  laps 

Angte  subtended  at  axis  by  length  of  string 
in  contact  with  cylinder 

FIG.  75. 


By  substituting  the  co-ordinates  of  the  points  D  and  E  on  this  line,  and  solving 
the  resulting  simultaneous  equations,  we  get 

ft  =  0*196,  a  =  2'i 

and  the  law  is  W  =  2-i^196». 

The  theory  suggests  ihat  we  should  find  a  =  w  =  20s,  and  it  is  found  that  this- 
value  is  given  very  accurately  by  a  straight  line  representing  the  first  five  results. 
This  is  a  good  example  of  the  advantage  of  the  graphic  method  of  treating  experi- 
mental results. 

By  working  out  algebraically  the  values  of  a  and  ft  for  each  pair  of  results  taken 
two  at  a  time,  and  taking  averages,  we  should  obtain  results  nearly  as  above,  but 
there  would  be  nothing  to  show  the  cause  of  the  difference  between  the  value  of  a 
found  by  experiment  and  the  value  to  be  expected  from  the  theory.  We  can  see  at 
once,  however,  from  the  plotted  values  in  Fig.  75,  that  the  law  W  =  W  is 
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followed  very  closely  by  the  first  five  observations,  but  that,  as  the  weight  increases, 
the  same  law  is  not  so  accurately  followed. 

EXAMPLE  (3). — Newton's  law  of  cooling.  The  following  are  the  resultt  of  Winkel- 
mann's  experiments  to  find  the  law  which  governs  the  rate  of  cooling  of  a  heated  body 
suspended  in  air.  9  is  the  excess  in  temperature  of  the  body  over  the  temperature  of  its 
surroundings,  at  time  t  seconds  from  the  beginning  of  the  experiment. 


0 

19-9 

18-9 

16-9 

14-9 

I2'9 

io'9 

8-9 

6-9 

t 

0 

3-45 

10-85 

I9'3o 

28-80 

40'  10 

5375 

70-95 

According  to  Newton's  law  of  cooling  we  should  have 


where  a  is  constant  and  9l  =  the  temperature  when  t  is  o  =  19-9. 

To  test  how  far  the  above  results  follow  this  law,  we  have,  taking  logs  of  0  — 


logO 

1-2989 

1-2765 

1-2279 

1-1732 

rno6 

i  '0374 

o-9494 

0-8388 

Plotting  log  9  and  /  we  get  a  straight  line  sloping  downwards  as  t  increases,  thus 
verifying  that  9  and  t  follow  a  law  of  the  form  9  =  9le~at. 
Taking  logs,  we  get 

log,,  0  =  -  at  log,,  e  +  log,.  0t  =  -  0-43430  .  /  +  log,,  0, 

as  the  equation  to  this  straight  line. 

Substituting  the  co-ordinates  of  two  points  on  the  line,  and  solving  the  resulting 
simultaneous  equations,  we  get 

a  =  0*015,  0,  =  19-9 

/.  the  temperature  and  the  time  are  connected  by  the  law  9  =  igfgf-°'mat. 

The  student  should  draw  the  figure  from  the  above  data,  and  verify  this  result. 


EXAMPLES. — LII. 

Find  the  law  connecting^  and  x  in  the  following  cases  : — 
1. 


jr 

o-4 

0-72 

i-i 

I'S 

2 

y 

3-32 

8-7 

27-3 

91 

407 

2. 

X 

2-4 

3-6 

4-8 

5'3 

6-9 

y 

1-16 

2-06 

375 

4'9 

10-7 
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3. 


X 

0-5 

0-8 

1-3 

2-8 

3-2 

y 

99 

54 

2O 

I'O 

0-49 

4. 

X 

o 

2'I 

5-6 

9-3 

11-5 

y 

20 

18-92 

i7'34 

15-8 

14-96 

5. 

X 

i'S 

2-3 

4'i 

5-8 

6-2 

y 

1459 

3250 

19600 

108000 

161000 

6. 

X 

17 

2-8 

3'9 

47 

5'5 

y 

502 

I67 

55'4 

24-9 

II'2 

7. 

X 

4-0 

8-4 

12-8 

14-6 

i6'o 

y 

1-5 

2-3 

3-6 

4'3 

5'o 

8. 

* 

9 

34'5 

43'5 

S5'o 

60 

y 

12 

20 

24 

3° 

33 

9. 

*          31-5         52-4         68-8         72-8 

y          6'6          li'l         167         18-5 
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10.  0  and  W  have  the  same  meaning  as  in  Example  2,  p.  154.    Show  that  W  and 
6  are  connected  by  a  law  of  the  form  W  =  we**0,  and  find  the  coefficient  of  friction,  p. 


8  radians    . 

O'STT 

w 

I  -Sir 

2w 

2-5* 

3* 

3'5* 

W  ozs.       . 

S'3S 

7-15 

9'55 

12-8 

17-12 

22'9 

30-8 

11.  Find  the  coefficient  of  friction  /u  from  the  following  data,   as  in  the  last 
example.     0  must  be  found  from  the  number  of  laps.     I  lap  =  2ir  radians. 


No.    of  times   cord   laps 
round  

i 

i 

• 

I 

it 

it 

ii 

2 

W  

2'6l 

V4Q 

4.  '44. 

V78 

7'^ 

9-85 

12-8 

l6'7 

' 

12.  The  following  are  results  of  experiments  on  lubrication.     /*  is  the  coefficient 
of  viscosity  of  olive  oil  at   temperature  t°  Fahrenheit.      Find  the  law  connecting 

H  and  t. 


t 

61 

81 

94 

1  20 

107 

130 

84 

63 

36 

13.  The  following  is  taken  from  a  work  on  ballooning.  It  is  an  estimate  of  the 
volume  V  which  a  balloon  of  a  certain  known  weight  filled  with  hydrogen  must  have 
so  that  it  may  be  raised  to  a  height  t. 


V  cu.  metres 

1-25 

10 

640 

80,000 

1,250,000 

z  metres  . 

12,900 

18,400 

29,500 

42,300 

49,700 

Find  a  formula  to  calculate  the  volume  required  to  rise  to  any  height  «. 

14.  The  following  table  gives  the  pressure  /  in  inches  of  mercury,  as  measured 
by  the  barometer  at  various  heights  A  above  the  sea,  when  the  pressure  at  the  sea- 
level  is  30  inches  : — 


A  feet   .  . 

o 

886 

2753 

4763 

• 
6942 

10593 

f  inches  . 

3° 

29 

27 

25 

23 

20 

Show  that  a  law  of  the  form  /  =  A^**  connects  /  and  A,  and  nnd  A  and  k. 
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The  following  three  examples  give  results  of  Winkelmann's  experiments  to  find 
the  rate  of  cooling  of  a  body  in  air.  0  is  the  excess  in  temperature  of  the  body  over 
the  temperature  of  its  surroundings  at  time  /  seconds  from  the  beginning  of  the 
experiment.  According  to  Newton's  law  of  cooling  0  =  0,^-"*.  Test  this  for  each 
case,  and  if  the  law  applies  find  the  values  of  the  constants  0,  and  a. 

15. 


0°C.       .       . 

19-32 

18-32 

16-32 

14-32 

12-32 

10-32 

8-32 

/  seconds    . 

o 

10 

317 

56-4 

84-2 

117-6 

1587 

16. 

A 

20-65 

,8-65 

I6-65 

I4-65 

12-65 

10-65 

8-65 

1 

1 

o            16-9 

35'3 

55'9 

80-1 

1086 

143'  i 

17. 


e 

118-97 

116-97 

II4-97 

112-97 

HO'97 

108-97 

106-97 

t 

o 

12   I 

25-8 

417 

597 

82-0 

109-0 

In  this  case  we  find  that  the  values  of  log  0  and  t  do  not  give  a  straight  line  when 
plotted,  but  lie  on  a  regular  curve  of  small  curvature.  Find  an  approximate  law  of 
the  form 

log  6  =  a  +  bt  +  tt* 


18.  t  is  the  weight  of  potassium  chromate  which  will  dissolve  in  100  parts  by 
weight  of  water  at  temperature  (°  C.  Find  an  approximate  law  of  the  form  j  =  ae1", 
connecting  j  and  t. 


t 

o 

10 

27-4 

42-1 

i 

61-5 

62-1 

66-3 

70-3 

The  values  of  log  s  and  /  do  not  give  points  lying  exactly  on  a  straight  line  but  on  a 
regular  curve.     Find  a  law  of  the  form 

log  j  =  a  +  bt  +  cf 
which  will  fit  this  curve  better  than  the  compound  interest  law  found  above. 

19.  The  following  are  results  of  Beauchamp-Tower's  experiments,  n  is  the 
coefficient  of  friction  of  a  certain  bearing  in  a  bath  of  lard  oil,  at  temperature  t°  F,  and 
speed  209  ft.  per  minute. 
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t 

120 

no 

too 

90 

80 

70 

60 

V- 

0-0035 

0-0039 

0-0045 

0-0052 

0-0063 

o'ooSo 

0-0103 

Find  a  roughly  approximate  law  of  the  form  /u  =  of*  connecting  /i  and  t. 

(Beauchamp-Tower,  Proceedings  of  the  Institute  of  Mechanical 
Engineers,  1883,  pp.  633-653.) 


20.  The  following  results  were  obtained  with  the  same  bearing,  running  at  419  ft. 
per  minute.     Find  a  law  connectisg  /j.  and  /.  » 


• 

I2O 

no 

IOO 

90 

80 

70 

60 

" 

0-0051 

0-0059 

0-0071 

0-0085 

0-OIO2 

0-OI24 

0-0148 

CHAPTER   IX 


DETERMINATION  OF  MEAN  VALUES  AND  AREAS 


86.  THE  student  is  already  familiar  with  the  arithmetical  method  of  finding 
the  mean  or  average  value  of  a  number  of  separate  values  of  a  quantity.  The 
values  are  added  together,  and  the  sum  is  divided  by  the  number  of  values 
taken. 

For  example,  if  we  have  four  rectangles  on  equal  bases  of  i"  and  of 

heights  2",  5",  7",  6"  respectively,  their  mean  height  is 


2+5+7+6 = 
4 


II  they  are  placed  side  by  side  so  that  their  bases 
ate  in  a  straight  line,  as  in  the  figure,  then  their 
nman  height  is  the  height  of  a  rectangle  on  the 
same  base,  and  having  the  same  area  as  the  four 
given  rectangles  together. 

87.  Mean  Value  of  a  Variable. — It  often 
happens  in  physical  science  that,  instead  of  having 
given  a  number  of  isolated  values  of  a  quantity, 
we  know  the  way  in  which  one  quantity  varies 
continuously  with  respect  to  another,  and  we  re- 
quire to  find  the  mean  value  of  the  first  with  respect 
to  the  second  :  for  example,  we  may  know  the  way 
in  which  the  speed  of  a  train  varies  between  any 
two  definite  instants,  and  we  may  require  to  find 
its  average  speed  during  that  interval,  *>.  the  con- 
stant speed  with  which  it  would  describe  the  same 
distance  in  the  same  time  ;  or  we  may  know  the 
pressure  on  the  piston  of  a  steam-engine  at  any 
point  of  the  stroke,  and  require  to  find  the  average 
pressure  throughout  the  stroke,  i.e.  the  constant 

pressure  which  would  do  the  same  amount  of  work  in  acting  through  the 
same  stroke. 

We  shall  define  the  mean  value  of  a  variable  quantity  by  reference  to  a 
graphic  construction  as  follows : — 

Let  y  and  x  be  two  variables,  such  that  y  is  known  when  x  is  known. 

Plot  a  curve  having  values  of  y  as  ordinates  and  values  of  x  as  abscissae. 
Then  the  mean  value  of  y  with  respect  to  x  between  any  two  values  a  and  b 
of  x  is  the  height  of  a  rectangle  having  the  same  area  as  that  enclosed  by 
the  curve,  and  the  axis  of  x  between  the  two  ordinates  at  x  =  a  and  x  =  6, 
and  standing  on  the  same  base  b  —  a. 

E.g.  in  Fig.  77  the  ordinate  represents  the  velocity  v  of  a  point  at  any 
time  /,  and  the  line  AB  shows  the  relation  between  -v  and  /.  The  mean 
value  of  v  with  respect  to  /  is  represented  by  the  height  of  the  rectangle 
CDGF,  which  stands  on  the  same  base  CD  as,  and  whose  area  is  equal  to 
the  area  of,  CABD. 


FIG.  76. 
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In  explaining  practical  methods  of  finding  mean  values,  we  shall  first  con- 
sider the  simple  case  when  the  curve  showing  the  connection  between  the 
two  variable  quantities  is  a  straight  line. 

EXAMPLE  (I). — A  point  moves  along  a  straight  line,  so  that  its  velocity  v  at  time  t  is 
given  by  the  following  table : — 


v  feet  per  second  . 

8-5 

14-25 

2O'I 

23 

(  seconds    .     .     . 

o 

2 

4 

5 

Find  the  time  average  of  the  velocity  from  t  =  o  to  t  —  5  seconds. 

On  plotting  the  given  values  of  v  and  t  we  obtain  the  straight  line  AB  (Fig.  77). 

We  require  to  construct  a  rectangle  on  the  same  base  CD,  and  having  its  area  equal 
to  the  area  ABDC. 

Bisect  AB  at  E,  draw  PEG  parallel  to  CD  and  complete  the  rectangle  CFGD. 
Then  CF  represents  the  required  time  average  of  the  velocity. 

For  the  triangles  AFE  and  BGE  are  equal,  and  the  rectangle  CFGD  can  be 


20 


"  F 


c° 


Values  of  t 

FIG.  77. 


formed  from  the  figure  CABD  by  cutting  off  the  triangle  BGE  and  adding  the  equal 
triangle  AFE.  Thus  the  rectangle  CFGD  is  equal  to  the  figure  CABD. 

We  find  that  CF  measures  15 '75,  and  therefore  the  average  velocity  is  15  75  ft. 
per  second. 

When  the  curve  is  a  straight  line  we  see  that  the  mean  value  of  the  ordinate  is 
equal  to  the  ordinate  at  the  middle  point  of  the  base  CD,  and  is  the  arithmetic  mean 
of  the  ordinates  at  the  extremities  C  and  D.  When  the  portion  of  the  curve  con- 
sidered is  nearly  but  not  quite  a  straight  line,  it  is  evident  that  we  shall  get  an 
approximation  to  the  mean  value  by  taking  the  ordinate  at  the  mid-point  of  the  portion 
of  the  base  considered. 
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We  use  this  principle  to  find  approximately  the  mean  value  of  any  variable  quantity 
which  can  be  represented  by  a  continuous  curve. 

EXAMPLE  (2). — A  point  moves  along  a  straight  line  so  that  its  velocity  v  at  any 
time  t  is  given  by  the  following  table : — 


v  ft.  per  second  . 

8-5 

9-8 

11-6 

I7-8 

23 

/  seconds  .... 

o 

i 

2 

4 

5 

Find  the  time  average  of  the  velocity  from  t  =  o  to  t  =  5  seconds. 

On  plotting  the  given  values  of  v  and  t  we  obtain  the  curve  AB  (Fig.  78). 

We  require  to  find  the  mean  height  of  the  figure  ABDC. 

We  divide  the  figure  into  any  given  number,  usually  10,  of  strips  of  equal  width, 

jB 


J 

/ 

> 

/ 

x 

X 

F 

Fx 

X 

_x* 

X 

8 

,-x 

x*^ 

Mn- 

_f*+ 

^~ 

—  c* 

^* 

•^^ 

i 

i 

) 

1 

r< 

t 

1 

5 

Values  of  t  (seconds) 
FIG.  78. 

and  assume  that  the  portion  of  the  curve  AB  at  the  top  of  each  strip  may  be  treated 
as  if  it  were  a  straight  line  ;  accordingly  we  take  the  mean  height  of  each  strip  as  equal 
to  the  height  at  the  mid  point  of  its  base. 

This  is  equivalent  to  substituting  a  number  of  rectangles  on  equal  bases  for  the 
strips  of  the  area  ABDC. 

The  height  of  each  rectangle  is  equal  to  the  ordinate  to  the  curve  AB  at  the  mid 
point  of  the  base  of  the  corresponding  strip. 

The  average  value  of  the  heights  of  these  rectangles  is  the  mean  height  of  the 
curve  AB,  being  the  height  of  a  rectangle  on  the  base  CD,  having  its  area  equal  to 
the  sum  of  the  areas  of  the  smaller  rectangles,  i.e.  equal  to  the  area  ABDC  (see  §  86). 

We  find  the  mean  heights  of  the  respective  strips  of  the  area  ABDC  to  be  875, 
9'4,  IO'3,  in,  12-2,  13-4,  15-0,  1675,  19-0,  21-5.  The  mean  value  of  these  is  1373. 

This  is  the  height  of  the  rectangle  ECDG  in  the  figure.  This  rectangle  may  be 
supposed  formed  by  cutting  off  the  area  FGB  from  the  original  figure,  and  fitting  it 
into  the  space  EAF,  which  must  be  of  the  same  area,  but  not  necessarily  of  the  same 
shape. 
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Note  that  EG  does  not  in  this  case  bisect  AB,  and  that  the  mean  ordinate  is  not 
the  arithmetic  mean  of  the  two  extreme  values. 

Note  also  that  the  mean  value  of  a  variable  is  always  equal  to  the  actual  value  at 
some  point  within  the  interval  considered. 

We  thus  get  the  following  rule  for  finding  the  mean  ordinate  of  any  curve. 
Consider  a  curve  having  values  of  y  as  ordinates  and  values  of  x  as  abscissae. 
Divide  the  area  between  the  curve  and  the  axis  of  x  into  any  number  of  strips  of 
equal  width.  If  the  top  of  each  strip  is  nearly  straight,  take  the  height  of  each  strip 
at  the  mid  point  of  its  base  as  the  mean  height  of  the  strip. 

Then  the  average  value  of  the  mean  heights  of  the  strips  is  the  mean  ordinate  of 
the  whole  curve. 

NOTE.  —  If  the  curve  is  so  irregular  that  the  strips  would  have  to  be  made  very 
narrow  before  we  could  take  the  height  in  the  middle  of  each  strip  as 
c  p       its  mean  height,  we  can  estimate  the  mean  height  of  any  strip  by  the 

eye.  If  ABCD  in  Fig.  79  represents  one  of  the  strips  into  which 
an  irregular  area  is  divided,  it  is  evident  that  the  height  of  the  hori- 
zontal line  EF  gives  a  more  accurate  value  of  its  mean  height  than 
would  be  obtained  by  measuring  the  height  at  the  mid  point  of  AB. 
We  estimate  the  position  of  EF  so  that  the  area  cut  off  by  EF  from 
the  strip  ABCD,  appears  equal  to  the  area  which  would  have  to  be 
added  at  the  corners  to  form  the  rectangle  ABFE.  Considerable 
accuracy  in  estimating  mean  ordinates  by  this  method  can  be  attained 
by  practice.  The  student  of  the  steam-engine  will  find  it  useful  to 
bear  in  mind  this  note  when  finding  the  mean  pressure  from  an 
indicator  diagram,  especially  with  respect  to  the  two  outer  strips  into 
which  this  diagram  is  divided. 

More  advanced  methods  of  finding  mean  values  will  be  treated  in 
Chapter  XIX. 


A        B 

FIG.  79. 


88.  Area  of  an  Irregular  Figure  —  (I.)  Mean  Ordinate  Method.  —  If 
we  agree  to  measure  the  length  and  breadth  of  an  irregular  figure  in  two 


100  150 

Values  of  8  (ft ) 
FIG.  80. 
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tixed  directions  at  right  angles  to  each  other,  then  the  area  of  the  figure  is 
the  product  of  its  length  into  its  mean  breadth. 

To  find  the  area  of  an  irregular  figure  we  find  the  mean  breadth  by  the 
method  of  the  last  paragraph  and  multiply  the  result  by  the  length  of  the 
figure. 
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EXAMPLE. — The  following  table  gives  the  half-width  h  of  a  horizontal  section  of  a 
ship  at  different  distances  sfrom  one  end: — 


jft. 

o 

20 

40 

80 

120 

160 

200 

220 

240 

Aft. 

O'l 

67 

I3-S 

167 

I7-I 

IS'4 

107 

S'o 

O'l 

Find  the  area  of  the  section. 

Plotting  the  values  of  h  and  s,  we  get  the  curve  (Fig.  80).     To  find  the  mean 
value  of  h,  we  divide  the  area  between  this  curve  and  the  axis  of  s  into  ten  strips  of 
equal  width.     The  values  of  h  at  the  mid-point  of  the  base  of  each  strip  are  37,  12-5, 
15-6,  i6'8,  17*2,  16*8,  157,  I3'5,  9-8,  2*5.     The  mean  of  these  is  I2'4i. 
.*.  the  area  of  the  section  =  (mean  value  of  h)  X  length 
=  12-41  X  240  =  2978  sq,  ft. 

89.  Simpson's  Rule.  —  The  following  method  is  more  accurate  than  the 
foregoing  in  certain  cases  determined  by  the  assumption  mentioned  below. 

Draw  ordinates  dividing  the  area  into  an  even  number  of  strips  of  equal 
width. 

Thus  there  will  be  an  odd  number  of  ordinates,  including  the  first  and 
last,  which  are  drawn  at  the  boundaries  of  the  figure. 

Number  the  ordinates  y^y*  y$  .  .  .  . 

Add  together  the  first  and  last  ordinates,  twice  the  sum  of  the  other  odd 
ordinates,  and  four  times  the  sum  of  the  even  ordinates  ;  multiply  the  result 
by  one-third  of  the  distance  between  two  adjacent  ordinates.  The  result  is 
the  area  of  the  figure. 

For  example,  if  the  area  is  divided  into  ten  strips  there  are  eleven 
ordinates,  and  the  area  is  equal  to 


where  h  is  the  distance  between  two  adjacent  ordinates. 

This  method  is  based  on  the  assumption  that  we  can  draw  arcs  of 
parabolas,  to  fit  the  curve  approximately,  through  the  tops  of  the  ordinates 
taken  three  at  a  time,  but  the  student  will  not  be  in  a  position  to  follow  the 
proof  until  a  later  stage  (see§  137). 

EXAMPLE.  —  To  find  the  area  of  the  section  of  a  ship  in  the  last  example  by  Simpson's 
rule, 

The  work  may  be  set  out  as  follows  :  — 


(I) 

(*) 

(3) 

(4) 

(') 

(2) 

(3) 

(4) 

No.  of 

No.  of 

ordinate. 

y 

S  M 

jyxS  M 

ordinate. 

y 

S  M 

jxXS  M 

I 

O'l 

I 

O'l 

230-9 

2 

8-5 

4 

340 

7 

16-3 

2 

32-6 

3 

I4'S 

2 

29-0 

8 

14*6 

4 

58-4 

4 

16-3 

4 

65  2 

9 

I2'I 

2 

24-2 

5 

17  i 

2 

3V2 

10 

6-1 

4 

24-4 

6 

17-1 

4 

68-4 

ii 

O'l 

i 

O'l 

230-9 

370-6  X  8  =  2964-8 

The  numbers  in  column  (2)  are  the  heights  of  the  ordinates  in  Fig.  80. 
,,         „          ,,       ,,        (3)  are  the  appropriate  Simpson's  Multipliers. 
,,         ,,          ,,       ,,        (4)  are   the  products  of  the  corresponding  numbers  in 
columns  (2)  and  (3). 

The  sum  of  the  numbers  in  column  (4)  multiplied  by  -  =  8  is  equal  to  the  area  of 
the  section  =  2965. 
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EXAMPLES. — LIII. 

1.  There  are  two  variables  y  and  x,  which  are  connected  together  so  that  they  have 
the  following  pairs  of  corresponding  values. 


X 

0 

i 

2 

3 

4 

y 

5 

2 

I 

2 

5 

Find  the  mean  value  of  y  with  respect  to  x  between  x  =  o  and  x  =  4. 

2.  A  quantity  of  steam  expands  from  volume  2  to  volume  10.     The  value  of  the 
pressure  /  when  the  volume  is  v  is  given  by  the  following  table : — 


V 

2 

4 

6 

8 

10 

p 

687 

3^3 

19-8 

I4-3 

"'5 

Find  the  average  pressure  between  v  =  2  and  v  =  10. 

3.  v  is  the  volume  of  the  gas  in  the  cylinder  of  a  gas-engine  when  its  pressure  is 
p.     Find  the  average  pressure  as  v  changes  from  I  to  9. 


V 

0-8 

2 

4 

6 

9 

p 

200 

57 

22 

I2'6 

7-2 

4.  The  following  table  gives   the   pull   P   Ibs.  at   the  drawbar   of  an   electric 
locomotive  at  time  I  seconds  from  starting. 


P 

1150 

1450 

1320 

1350 

1040 

1300 

/ 

o 

12-5 

25 

37-5 

43 

So 

Deduct  300  Ibs.  for  friction,  and  find  the  time  average  of  the  remaining  force, 
P  —  300,  which  causes  the  motion  of  the  train. 

5.  The  following  table  gives  the  draw-bar  pull  P  Ibs.  exerted   by  an  electric 
locomotive,  at  distance  s  feet  from  rest. 


P 

930 

1000 

930 

835 

IOOO 

1225 

1325 

1300 

1230 

IOOO 

800 

650 

1 

o 

15 

30 

45 

80 

no 

160 

180 

200 

227 

260 

300 

Find  the  space  average  of  the  force  P  from  t  =  o  to  t  =  300. 
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6.  v  is  speed  of  a  car  at  time  /  from  rest.     Find  the  time  average  of  the  speed. 


/  seconds    . 

0 

5 

10 

15 

20 

25 

30 

v  ft.  per  second   . 

0 

.37 

7'5 

10-85 

I2'9S 

»37 

'4 

7.  h  is  the  height  above  the  sea-level  of  various  points  on  a  certain  road  ;  j  is  the 
distance,  measured  along  the  road,  of  the  respective  points  from  a  fixed  point  on  the 
road.  Find  the  average  height  of  the  road  above  the  sea-level. 


Aft  

TOO 

135 

156 

184 

160 

148 

r6o 

s  miles  .... 

I 

i'5 

2 

2'5 

3 

3'5 

4 

NOTE. — Since  h  is  small  compared  with  j,  the  distances  s  may  be  taken  as  if  they 
were  measured  in  a  horizontal  plane. 

8.  Draw  a  circle  of  2  ins.  radius,  and  find  its  average  width  measured  parallel  to 
a  fixed  diameter. 

9.  Find  the  mean  value  of  x*  between  x  =  o  and  x  =  I.     (Plot  the  curve  y  =  x*, 
and  find  its  mean  ordinate.) 


10.  Find  the  mean  value  of  the  sine  of  an  angle  when  the  angle  has  all  values 

ween  o  and  —  radians. 

NOTE. — The  values  of  the  angle  must  be  plotted  in  radians. 


11.  Plot  the  curve  y  —  sin  x  from  x  —  o  to  x  =  2»  radians.     By  squaring  the 
ordinates  of  this,  and  plotting  on  the  same  axis  of  *,  obtain  the  curve  y  =  sin*  x. 
Find  the  mean  value  of  sin2  x,  taking  x  in  radians.     Note  that  the  mean  value  of 
sin*  x  is  not  the  same  as  the  square  of  the  mean  value  of  sin  x.     The  result  of  this 
example  is  important  in  the  theory  of  alternating  electric  currents. 

12.  A  gas  expands  from  volume  2  to  volume  10,  so  that  its  pressure/  and  volume 
v  satisfy  the  equation  pv  =  100.      Find  the  average  pressure  between  v  =  2  and 
v  —  10. 

13.  A  body  weighing  500  Ibs.  moves  along  a  straight  line  without  rotating,  so 
that  its  velocity  v  at  time  t  is  given  by  the  following  table : — 


/  seconds  .     .     . 

I 

S 

9 

*3 

v  ft.  per  second  . 

i'53 

1-65 

177 

1-89 

Its  kinetic  energy  is  equal  to  one-half  the  product  of  the  mass  into  the  square  of  the 
velocity.     Find  the  mean  value  of  the  kinetic  energy  from  /  =  I  to  /  =  13. 

NOTE. — To  obtain  the  energy  in  foot-pounds  take  32-3  Ibs.  as  the  unit  of  mass. 
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14.   Find  the  area  between  the  curve  given  by  the  following  values,  and  the  axis  of 
x,  from  x  —  2  to  x  =  4. 


X 

2'0 

2-6 

3'o 

3-25 

3-6 

3'8 

4-0 

y 

3-03 

4-61 

5-80 

6'59 

7-76 

8-46 

9-19 

\ 

15.  Find  the  area  between  the  curve  given  by  the  following  values,  and  the  axis 
of  x  from  x  =  3'io  to  x  =  5*20  : — 


X 

3-10 

3-56 

4'i 

4-85 

5-20 

y 

22-47 

19-19 

15-97 

12-85 

11-72 

16.  Find  the  area  between  the  following  curve,  and  the  axis  of  x  from  x  =  o  to 
=  96  : — 


X 

o 

12 

24 

48 

72 

84 

96 

y 

I'2 

61-2 

86-0 

I21'0 

96-6 

76-8 

1-2 

17.  Find  the  area  between  the  curve  given  by  the  following  data,  and  the  axis  of  x 
from  x  =  o  to  x  —  5  : — 


x  inches  . 

0 

ro 

2'O 

2'5 

3'3 

4-0 

4'4 

S'o 

y  inches  . 

I 

2-05 

2'54 

2'6l 

2-40 

2-03 

1-94 

2-25 

18.  Find  the  area  lying  between  the  following  curve,  and  the  axis  of  x  from  x 
0-5  to*=  5-3:— 


X 

0-5 

I'2 

2'5 

3'6 

4'5 

5'3 

y 

3'42 

3'6 

4*34 

4-25 

375 

3'27 

19.  Find  the  area  of  a  half-section  of  a  ship  at  the  water-level,  of  which  the 
curved  form  is  denned  by  the  following  equi-distant  ordinates  spaced  12  ft.  apart: — 

Ordinates  (feet) — 

o-i,  5-1,  7-17,  875,   io-i,  9-17,  8-05,  6-4,  o-i. 
(Board  of  Education  Examination  in  Naval  Architecture,  1902.) 

20.  The  numbers  given  below  refer  to  horizontal  sections  of  the  same  ship  at 
different  distances  above  the  keel,     h  is  the  half-width  across  the  section  at  distance  j 
from  the  stern.     Find  the  area  of  the  half-section  in  each  case,  by  Simpson's  rule. 
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I  ft.  above  keel 

s  feet 

o 

20 

40 

80 

120 

160 

200 

220 

240 

h 

O'l 

i  '4 

5-6 

in 

I3'i 

10-5 

57 

»7 

O'l 
O'l 

2  ft.  above  keel 

h 

O'l 

2'6 

8'2 

137 

iS-6 

I2'6 

7'5 

2-7 

4  ft.  above  keel 

h  " 

O'l 

4'6 

"'5 

i5'9 

17-1 

14-6 

9'5 

4'  I 

O'l 

8  ft.  above  keel 

h 

O'l 

9-0 

H7 

17-0 

i7'4 

15-8 

ii'6 

6'0 

O'l 

I  oft.  above  keel 

h 

O'l 

ii'i 

i5'3 

i6'9 

I7-4 

i6'o 

I2'5 

9-1 

O'l 

(Board  of  Education  Examination  in  Naval  Architecture,  1902.) 
21.  The  following  are  values  of  x  and  y  for  a  certain  curve : — 


X 

i 

i-8 

2'5 

3-i5 

4 

4'6 

5  '4 

6-3 

6'8 

7-0 

y 

o 

ro6 

171 

2'IO 

2-36 

2-39 

2-30 

1-80 

I'2 

0-8 

Find  the  area  enclosed  by  this  curve,  the  axis  of  x  and  the  ordinates  at  x  =  i  and 
x  =  7,  by  Simpson's  rule,  using  (1)5  ordinates,  (2)  7  ordinates,  (3)  9  ordinates,  (4)  II 
ordinates,  (5)  13  ordinates,  (6)  21  ordinates,  respectively. 

Observe  and  record  the  time  taken  to  obtain  each  of  the  above  6  results.  Taking 
the  last  result  as  accurate  calculate  the  percentage  error  in  each  of  the  others.  Take 
the  reciprocal  of  the  percentage  error  as  an  index  of  the  accuracy  of  each  method. 

Compare  the  accuracy  of  the  different  results,  and  also  the  time  occupied.  In 
which  of  the  above  results  do  you  obtain  the  highest  accuracy  per  minute  occupied. 
Also  find  the  area  by  means  of  a  planimeter  if  you  have  the  opportunity. 

22.  Find  the  area  in  the  last  example  by  mean  ordinates,  dividing  the  base  into 
4,  6,  8,  10,  12,  20  divisions  respectively. 

Compare  accuracy  obtained  and  time  occupied  as  before. 

23.  Plot  the  curve  which  passes  through  the  following  points  in  the  order  given, 
and  find  the  area  which  it  encloses  : — 


X 

0-9 

1-9 

2'6 

3'4 

4'  i 

47 

5'55 

6 

6-4 

6-46 

6'3 

y 

0-6 

O'2 

0'25 

0-38 

0-25 

o'i6 

o'3 

0-6 

i'3S 

i'8 

2'59 

x 

5'9 

5'4 

4-5 

3'5 

3'i 

2'I 

I  '4 

07 

0*42 

O'2I 

0-5 

0-9 

y 

2-9 

2-7 

2-51 

2'8 

3''9 

3-56 

3-46 

3 

2'6 

J'9 

0'99 

0-6 

CHAPTER  X 


RATE  OF  INCREASE 

90.  The  plotting  of  curves  from  their  equations  or  from  tabulated  lists  of 
values  will  already  have  made  the  student  familiar  with  the  conception  of  two 
mutually  dependent  variables.  We  regarded  y  and  x  as  two  quantities,  such 
that  definite  changes  in  x  were  accompanied  by  definite  changes  in  _y,  and 
the  nature  of  these  changes  was  exhibited  to  the  eye  by  a  curve. 

We  shall  now  consider  more  fully  the  rate  of  change  of  one  quantity  with 
respect  to  another. 

Consider  the  following  cases  : — 

(a)  The  following  table  shows  the  average  height  at  different  ages  of  a 
boy  in  Great  Britain  : 


Age  /  years  .     .     . 

5 

6 

12 

13 

19 

20 

Height  h  inches 

4  1  '03 

44-00 

54-99 

56-9I 

67-29 

67-52 

From  these  numbers  we  infer  that  the  mean  rate  of  growth  between  the 
ages  of  5  and  6  is  2-97  inches  per  annum,  between  12  and  13  it  is  1-92  inches 
per  annum,  between  19  and  20  it  is  0-23  inches  per  annum. 

If  t  represents  the  age  measured  in  years  and  h  the  height  in  inches,  we 

use  the  symbol  -37  to  represent  the  rate  at  which  k  is  increasing  per  unit 

increase  of  /. 

Thus  the  above  statement  may  be  expressed  in  another  way  by  saying 

that  the  mean  value  of  -37  is  2*97  between  the  ages  of  5  and  6  years,  1-92 
between  12  and  13,  and  0-23  between  19  and  20. 

For  the  present  the  student  should  regard  the  symbol  -37  simply  as  an 

abbreviation  for  "  the  rate  of  increase  of  h  with  respect  to  /." 

(6)  The  population  of  England  and  Wales  in  1881  was  25*974  millions,  in 
1891  it  was  29-002  millions.  The  increase  was  3,028,006  in  10  years,  an 
average  increase  of  302,800  per  annum.  If  P  denotes  the  population  and  / 

the  time  in  years,  the  mean  value  of  —j-  is  thus  302,800  between  the  values, 

1881  and  1891,  of/. 

(c)  A  bar  of  zinc,  which  is  10  ins.  long  at  temperature  o°  C,  measures 

10-03   ins.   at    100°  C.,   so  that   the   length  increases   0-03   in.   while  the 

temperature  increases  100°.  Thus  the  mean  rate  of  increase  of  the  length  is 
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o-ooo3  in.  per  degree,  or,  if  /  is  the  length  in  inches  and  0  the  temperature  in 
degrees,  the  mean  value  of  -j-  is  0*0003. 

u9 

(ef)  If  the  same  bar  of  zinc  is  i  sq.  in.  in  cross-section,  and  is  subjected 
to  a  tension  of  one  ton,  it  will  stretch  0*02  in.  Therefore,  if  W  is  the  tension 

f   dl     .      0'O2 

in  pounds  the  mean  value  of  -v™  is  —  —  =  o'ooooo8Q25. 
•  rfW      2240 

(i)  A  train  passes  a  point  A  distant  12  miles  beyond  a  certain  station  at 
1.50,  and  a  point  B  ten  miles  further  on  at  2.20.  It  has  travelled  10  miles  in 
30  minutes,  and  its  average  speed  is  therefore  20  miles  an  hour,  or,  if  s  is  the 
distance  in  miles  traversed  along  the  line  from  the  station  at  time  /  hours, 

rds . 

the  mean  value  of -j.  is  20. 
at 

On  considering  the  above  cases,  we  notice  that  in  every  case  two 
quantities  have  to  be  specified  :  (a)  the  quantity,  such  as  height,  population, 
length  of  a  bar,  distance,  whose  rate  of  increase  is  being  measured,  and  (£)  a 
second  quantity,  such  as  time,  temperature,  or  tension,  with  respect  to  which 
that  rate  of  increase  is  measured.  The  first  of  these  quantities  is  called  the 
dependent,  and  the  second  the  independent  variable. 

In  example  (a)  above,  h  is  the  dependent  and  /  the  independent  variable  ; 
in  example  (ef)  I  is  the  dependent  and  9  the  independent  variable. 

Note  that  it  is  always  necessary  to  specify  both  variables  before  the 
meaning  of  the  rate  of  increase  can  be  understood. 

For  example,  in  cases  (c)  and  (d)  above,  the  dependent  variable  /,  the 
length  of  a  bar  of  zinc,  is  the  same  in  both  cases,  but  the  rate  of  increase  of 
its  length  /  has  a  very  different  meaning,  according  as  we  mean  the  rate  of 

-j- 

rate  of  increase  -TPT?  with  respect  to  its  tension  when  stretched, 
a  W 

In  general,  if  y  is  the  dependent  and  x  the  independent  variable,  the 

dv 
symbol  -j-  denotes  the  rate  of  increase  oi  y  per  unit  increase  of  x. 


EXAMPLES  . — LI  V. 

j 

1.  If  y  =  12  when  x  =  5,  and  y  =  17  when  x  =  7,  what  is  the  mean  value  of  -—-? 

ax 

2.  An  electric  tramcar  passes  one  trolley  pole  at  a  certain  instant,  and  the  next 
trolley  pole  8  seconds  afterwards.     The  distance  between  the  trolley  poles  is  120  ft. 

If  s  denotes  the  distance  moved  in  time  f,  what  is  the  mean  value  of  -=-  ? 

at 

3.  The  speed  v  of  a  falling  stone,  after  falling  2  seconds  from  rest,  is  64-4  ft.  per 
second.     At  z\  seconds  from  rest  it  is  80*5  ft.  per  second.     If/  denotes  the  time,  find 

the  value  of  the  acceleration  -j-. 
at 

4.  If  y  =  520  when  x  —  12,  and,y  =  340  when  x  —  15,  what  is  the  mean  value 

of&? 

ax 

5.  When  the  volume  v  of  a  certain  quantity  of  gas  is  2  cu.  ft.  the  pressure/  is  60 
Ibs.  per  square  inch.     When  the  volume  is  4  cu.  ft.  the  pressure  is  35  Ibs.  per  square 

inch.     Find  the  mean  value  of  -f-. 
av 
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6.  The  volume  v  of  a  certain  quantity  of  gas  at  temperature  6  -•  17°  C.  is  341  cc. 
The  volume  at  temperature  25°  C.  is  350*5  cc.    What  is  the  mean  value  of  -j-  ? 

uv 

7.  The  pressure  /  of  saturated  steam  at  temperature  6  =  I93'3°  F.  is  10  Ibs.  per 
square  inch.    At  197 '8°  F.  the  pressure  is  II  Ibs.  per  square  inch.    What  is  the  mean 

value  of  -£  ? 
d0 

8.  The  unstretched  length  /  of  a  wrought-iron  bar  is  10  ins.     When  it  is  subjected 

to  a  pull  F  of  3  tons,  its  length  is  10*033  ins»    What  is  the  mean  value  of  -%  -  in  inches 

aJb 

per  pound  ? 

9.  The  current  i  in  a  conductor  is  1*3  amperes  when  the  time  t  =  21*3  sees.     At 
time  33  sees,  the  current  is  3-4  amperes.     What  is  the  mean  value  of  -%.? 

10.  When  x  is  42' i,  we  find  from  the  tables  that  log,0  x  is  i'6243-     When  x  is 
42*2,  log,,  x  is  i  '6253.     What  is  the  mean  value  of        ./         between  x  =  42' i  and 

X  =  42*2? 

11.  When    x  =  0*3840    radian,    sin    x  =  0-3746  ;    when    .r  =  0*4014    radian, 

sin  x  =  0*3907.      What  is   the   mean  value   of    -f-ja between   x  —  0*3840   and 

x  =  0*4014? 

12.  When    x  =  0*9076    radian,    cos    x  =  0*6157  ;    when    x  —  0*9250    radian, 
cos  x  =  0*6018.     What  is  the  mean  value  of  -*__ — i  jn  this  interval  ? 

01.  Variable  Bates  of  Increase. — In  all  the  cases  considered  in  the 
last  paragraph  we  spoke  of  the  mean  value  of  the  rate  of  increase  through- 
out a  definite  interval.  In  the  first  case  (a),  for  example,  we  found  this  by 
considering  the  growth  in  a  whole  year  and  treating  it  as  if  it  were  quite 
steady  and  uniform. 

If,  however,  we  consider  this  case  more  closely,  we  find  that  the  rate  of 
growth  is  not  uniform  throughout  the  year,  it  is  not  the  same  in  winter,  for 
instance,  as  it  is  in  the  summer.  This  is  the  reason  why  we  called  our 

previous  result  the  mean  value  of  the  rate  of  growth  -37  for  a  year. 

If  we  make  very  exact  measurements  from  week  to  week  we  shall  obtain 
results  which  will  be  nearer  to  the  true  value  of  the  rate  of  growth  —r;  at  any 

time  than  the  results  which  were  obtained  by  taking  the  total  growth  in  a 
year.  Even  these  values,  however,  are  only  mean  values  for  the  respective 
weeks  over  which  they  are  taken.  It  is  supposed  that  the  rate  of  growth  is 
different  at  different  times  of  the  day  and  night,  so  that  if  we  could  consider 
the  growth  for  periods  of  one  hour  we  should  get  even  nearer  to  the  actual 

value  of  the  rate  of  growth  —r  at  any  instant. 

Thus  we  see  that,  as  we  consider  smaller  and  smaller  intervals,  we  get 
values  of  the  mean  rate  of  growth  which  are  nearer  and  nearer  to  the  actual 
rate  of  growth  at  some  time  within  the  intervals  considered,  and  we  can  get 
as  near  as  we  please  to  this  actual  rate  of  growth  by  taking  the  interval 
small  enough. 

Another  example  of  a  variable  rate  of  increase  is  afforded  by  the  case 
(*)  above. 
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The  train  travels  a  distance  AB  equal  to  10  miles  in  30  minutes,  and  we 
Infer  that  its  average  speed  throughout  that  half-hour,  or  the  average  value 

cds  . 
of  —  *  is  20  miles  an  hour. 

There  may,  however,  be  varying  gradients  between  A  and  B,  and  the 
train  may  be  brought  to  a  stop  at  B,  so  that  its  actual  speed  will  be  some- 
times greater  and  sometimes  less  than  20  miles  an  hour  at  different  times 
between  1.50  and  2.20. 

We  shall  evidently  get  a  closer  approximation  to  the  actual  speed  at 
some  particular  time,  say  2  o'clock,  by  measuring  the  distance  travelled 
between  1.55  and  2.5  and  dividing  by  the  time  taken,  i.e.  by  10  minutes 
expressed  in  hours. 

We  shall  get  even  closer  to  the  actual  value  of  -j  at  2  o'clock  by  finding 

the  mean  speed  between  1.59  and  2.1,  and  closer  still  by  finding  the  mean 
speed  between  i  hr.  —  59  mins.  —  59  sees,  and  2  hrs.  —  o  min.  —  i  sec.,  and 
so  on.  Thus  we  can  get  as  near  as  we  please  to  the  actual  speed  at 
2  o'clock  by  taking  the  interval  of  time  small  enough. 

In  mathematical  language,  we  may  say  in  general  that  the  mean  value  of 
the  rate  of  increase  of  y  with  respect  to  x,  in  all  the  cases  which  we  shall 
consider,  approaches  a  definite  limiting  value  as  the  total  increase  of  x  con- 
sidered is  made  smaller  and  smaller  so  as  to  include  some  definite  value 
of  x. 

This  limiting  value  defines  the  actual  value  of  the  rate  of  increase  of  y 
with  respect  to  x  for  any  particular  value  of  .r,  and  is  denoted  by  the  symbol 
dy_ 
dx 

Thus  in  the  case  (a)  above,  the  actual  rate  of  growth  -j-  at  any  age,  say 

5£  years,  may  be  defined  as  the  limit  of  the  average  rate  of  growth  taken 
over  an  interval  including  the  age  5^  years,  when  that  interval  is  made 
smaller  and  smaller. 

Similarly  in  case  (e),  the  actual  value  of  -r  at  2  o'clock  may  be  defined  as 

the  limit  of  the  average  velocity  taken  over  an  interval,  including  2  o'clock 
when  this  interval  is  made  smaller  and  smaller. 


82.  We  may  express  the  statements  of  the  last  paragraph  as  follows  . — 
If  5.r  represents  a  definite  increase  in  x  and  5y  the  corresponding  increase 

in  y,  then  -—  is  the  mean  value  of  •£•  throughout  the  interval  far. 

As  Ix  is   made  smaller  and  smaller,  so  as  always  to  include  some 

tv 

particular  value  of  x,  ^-  approaches  a  definite  limiting  value,  which  is  the 

dv  5y 

actual  value  of  -4-  for  that  value  of  x.    We  can  make  ~-  as  near  as  we  please 
dx  QX 

dy 
to  the  actual  value  of  -,    by  taking  %x  small  enough. 

For  example,  in  the  case  (a), 

when  $t  =  i  year  between  5  and  6 
5/i  =  44-00  —  4 1 '03  =  2 '97 

and  *    =  2-97 
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This  is  the  mean  value  of  -r  for  the  year  between  5  and  6  years  of  age. 

We  saw  that  if  S/  were  diminished,  first  to  a  week  and  then  to  an  hour 
we  should  get  values  of  —  which  would   continually  approach  the  actual 

of 

value  of  -77  at  some  instant  within  the  interval  5/. 
at 

Similarly  in    the   case    (e\    5/  =  30  minutes  =  \  hour,   8s  =  10  miles, 

Ss      10  ..  , 

—  =  —  =  20  miles  per  hour. 

ds 
This  is  the  mean  value  of  -^  for  the  half-hour  from  1.50  to  2.20.    To  get 

ds 
the  actual  value  of  -r,  at   2   o'clock,  we  continually  diminish  5/,  first   to 

10  minutes,  then  to  2  minutes,  then  to  2  seconds,  and  so  on,  so  as  always  to 
include  the  instant  2  o'clock. 

8y 

In  some  cases  we  find  that  the  value  of  r-  is  the  same,  whatever  value  of 

ox 

$x  is  taken. 

In  case  (</),  for  instance,  it  is  found  that,  provided  SW  is  not  made  too 

great,  the  value  of  ^  is  always  the  same,  whatever  value  of  SW  is  taken. 

The  rate  of  increase  of  the  length  with  respect  to  the  tension  is  therefore 
said  to  be  uniform,  and  j-^.  is  equal  to  the  actual  value  of  -T.^,  for  every 
value  of  W  considered. 

So  also,  in  general,  if  ^-  is  the  same  for  all  values  of  Sir,  ths  rate  of 

increase  of  y  with  respect  to  x  is  said  to  be  uniform,  and  —  =  -y-  for  all 

Ix     dx 

values  of  x  considered. 

The  cases  considered  in  §  90  may  be  set  down  as  follows  : — 

(a) 

/  years  A  Inches.  dA.  d/.  **. 

3/ 

12  ..     54'99\  cdh 

cA-nT(        •     •     r92    •     •     I     .    .      1*92  =  mean  value  of  -77 

13  •     •     3°yl>  at 


(PC.  /inches.  II.  40.  ~. 

O     .      .      I0'00\  dl 

loo    .     .     10-03}  '    •    '    °°3    •       I0°    •     •     0-0003  =  mean  value  of -^ 

W 

/  hours.  s  miles.  is.  it,  _ . 

it 
j  5.  j  2 1  ,/j. 

2i  '_}...     10    ..    0-5     ..    20  =  mean  value  of -r- 

'  dt 

The  student  should  state  the  other  cases  considered  in  the  same  way. 

83.  EXAMPLE  (i). — The  following  values  of  sin  feet  show  the  distance  of  the  centre  of 
gravity  (as  measured  in  a  skeleton  drawing}  of  a  piece  of  mechanism  from  some  point  in 


Rate  of  Increase 


175 


its  straight  path  at  the  time  t  seconds  from  some  era  of  reckoning.     Find  its  mean 
velocity  during  the  interval  between  each  fair  of  measurements. 

(Board  of  Education  Examination,  1901.) 


A 

t. 

At. 

Mi 

is 
it 

0-3090 

Q'4931 
0-6799 
0*8701 
1-0643 
1-2631 

2'OO 
2'02 
2-04 
2'O6 
2-08 
2'10 

O'i84i 

0-1868 

0-1902 
0-1942 

0-1988 

0'02 
0'02 
O'O2 
O'O2 
0'02 

9-205 

9'34 

9-51 
9-71 

9'94 

Mean  values 

of£ 
dt 

throughout 
,  each  interval 

By  subtracting  each  value  of  s  from  the  following  value  we  obtain  the  values  of 
Sj  in  the  third  column.  Similarly  the  values  of  S/  in  the  fourth  column  are  obtained 
by  subtracting  each  value  of  /  from  the  next  value. 

Then  each  value  of  Ss  represents  the  increase  in  s,  or  the  distance  moved  during 
the  corresponding  interval  of  time  St.  Therefore  the  mean  rate  of  increase  of  j,  or  the 
mean  velocity  throughout  each  interval,  is  obtained  by  dividing  each  value  of  Ss  by 
the  corresponding  value  of  5/. 

The  results  are  placed  in  the  fifth  column.     ^-  is  always  equal  to  the  exact  value 

ds 
of  the  velocity  —  at  some  instant  within  the  corresponding  interval,  and,  if  &t  is  small 

enough,  we  may  take  ^  as  an  approximation  to  the  actual  velocity  7-  at  the  middle 

of  the  interval  (see  §  87). 

Thus  in  the  above  example  the  velocity  at  time  2-05  sees,  is  9-5 1  ft.  per  second. 

EXAMPLE  (2). — To  show  that,  with  the  data  in  example  I,  the  mean  velocity  — 

of 

approaches  nearer  and  nearer  to  the  actual  velocity  when  t  =  2-05,  as  the  interval  Si  is 
taken  smaller  and  smaller,  so  as  always  to  include  the  instant  when  t  =  2 '05. 

We  calculate  the  values  of  ^,  first  for  the  interval  between  the  first  and  sixth 
51 

measurements,  second  for  the  interval  between  the  second  and  fifth  measurements, 
and  so  on.     The  calculations  are  given  iri  the  following  table  : — 


It 

it. 

it. 

it 

O'lO 

0-9541 

9-541 

0-06 

0-5712 

9-520 

O'O2 

0-1902 

9-510 

Thus  we  see  that  as  the  interval  5/  is   made  smaller  and  smaller  the  average 

velocity  —  approaches  nearer  to  the  value  9*51,  which  we  have  taken  as  the  velocity 
of 

when  /  =  2-05. 

EXAMPLE  (3). — In   example  I   we  have  found  a  Aeries  of  values  of  the  velocity 

--  =  v.     7"he  acceleration  is  the  rate  of  increase  of  the  velocity  with  respect  to  the  time, 
at 

find  the  mean  acceleration  between  each  pair  of  values  of  the  velocity.      Whai  is  tht 
probable  acceleration  at  time  t  =  2-05  seconds. 
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We  have  from  example  I — 


/. 

V. 

3z/. 

it. 

to. 
At 

2'OO 







\ 

2X>I 

9-205 

— 

— 

2  '02 

0-135 

O'O2 

6-75 

Mean  value  of 

2-03 

9'34 

— 

— 

acceleration 

2'04 

0'17 

CTO2 

»7 

dv      <Ps 

2  '05 

9-5i 

— 

— 

— 

'        ~Jt~dfl 

2'06 

O'2O 

0'O2 

I0'0 

throughout 

2*07 

971 

— 

— 

— 

each  interval 

2'08 

0-23 

O'O2 

"'5 

2P09 

9'94 

— 

— 

2'10 

~~ 

/ 

As  explained  in  example  i ,  we  have  taken  the  mean  value  of  the  velocity  as  found 
for  each  interval  in  example  i,  as  being  equal  to  the  exact  value  of  the  velocity  at  the 
middle  of  that  interval. 


12 


a 

O 


f  acc 

O) 


^ 


7^ 


2'02  2-03  2-04  2-05  2  OG 

Values  of  t  (seconds) 
FIG.  81. 
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Thus  the  value  934  of  the  mean  velocity  found  in  example  I  for  the  interval 
between  /  =  2'O2  and  t  =  2X>4  has  been  taken  as  the  actual  velocity  when  t  —  2-03. 
Subtracting  each  value  of  v  from  the  next,  we  obtain  the  values  of  Sv  given  in  the 

third  column.     Dividing  by  the  value  of  5/,  we  obtain  the  value  •=—  of  the  average 
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acceleration  for  each  interval  as  given  in  the  fifth  column.  As  before,  we  have  taken 
each  value  of  the  average  acceleration  to  correspond  to  the  middle  of  the  correspond- 
ing interval  of  time.  Thus  we  find  that  the  mean  acceleration  between  t  =  2*03  and 
t  =  2'O5  is  8'5.  We  take  this  as  the  actual  acceleration  when  t  =  2X>4- 

The  acceleration  when  t  =  2 '05  is  approximately  equal  to  the  mean  of  the  values 
when  /  =  2*04  and  2  =  2'o6,  i.e.  the  acceleration  for  t  =  2^05  is  9*25. 

A  probably  more  accurate  value  may  be  obtained  by  the  graphic  method  of 
interpolation  described  on  p.  80. 

Plotting  the  values  of  the  acceleration  and  the  time,  we  obtain  the  curve  (Fig.  81). 
From  the  curve  we  find  that  the  acceleration  when  /  =  2*05  is  9'25- 

It  may  happen  that  the  values  of  j  and  t  are  not  given  with  sufficient  accuracy  to 
give  values  of  the  acceleration  which  will  lie  on  a  regular  curve  when  plotted.  In 
this  case  we  could  draw  the  regular  curve  which  seems  to  represent  the  values  of  the 
acceleration  best  on  the  whole,  and  take  intermediate  values  of  the  acceleration  from 
this  curve. 

There  are  other  more  accurate  methods  of  interpolation  which  the  student  is  not 
yet  in  a  position  to  understand,  but  the  graphic  method  will  usually  be  found  to  give 
values  as  accurate  as  the  experimental  results  will  allow. 

94.  The  acceleration  -y.  may  also  be  written  -=-=.     This  denotes  the 
dt  dl* 

result  of  performing  the  operation  of  finding  the  rate  of  increase  with  respect 
to  /  twice  in  succession. 

Similarly,  in  the  general  case, 

dy 

-j-  denotes  the  result  of  finding  the  rate  of  increase  of  y  with  respect  to  x. 

d^y  dy 

T-=*I  denotes  the  result  of  finding  the  rate  of  increase  of  -J-  with  respect 

to*. 

T— 3  denotes  the  result  of  finding  the  rate  of  increase  of  -T-=£  with  respect 
to*. 


95.  Geometrical  Representation. — If  we  take  the  two  variables  in  any 
of  the  cases  already  considered  as  co-ordinates  of  a  point,  we  may  represent 
the  rate  of  increase  by  a  graphical  method. 

In  case  (a),  p.  170,  for  instance,  we  may  take  values  of  the  age  /  measured 
in  years  as  abscissas,  and  values  of  the  height  h  measured  in  inches  as 
ordinates. 

Plot  a  point  A  (Fig.  82)  whose  abscissa  is  5  and  ordinate  41*03,  and 
a  point  B  whose  abscissa  is  6  and  ordinate  44*00. 

Then  NB  represents  the  increase  in  h  which  takes  place,  while  /  increases 
by  the  amount  AN,  or 

NB  =  M,  AN  =  5/ 

Then  the  mean  rate  of  increase  of  h  with  respect  to  /  between  /  =  5  and 
/  =  6is 

^  =  ^  =  2-97 
5/       AN 

This  is  the  slope  of  the  straight  line  AB  to  the  axis  of  /  when  h  and  /  are 
measured  on  the  same  scale,  as  in  the  figure. 

If  we  measure  NB  and  AN  each  on  its  proper  scale,  and  use  the  numerical 

NB 
values  obtained  to  find  ^rr,  and  if  we  agree  to  call  this  result  the  slope  of 
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Xh 

AB,  we  may  still  say  that  ^  is  the  slope  of  AB,  even  if  A  and  /are  not  plotted 

on  the  same  scale. 

Similarly,  if  in  case  (b]  we  plot  points  A  and  B  with  values  of  population 
as  ordinates  and  values  of  time  in  years  as  abscissae,  the  slope  of  AB  will 

represent  the  mean  rate  of  growth  of  population,  i.e.  the  mean  value  of  -^ 

between  1881  and  1891. 

We  thus  obtain  the  very  important  result  that,  if  we  are  given  two  pairs 


43 


$42 

I 


41 


40 


4587 
Age  i 

FIG.  82. 

of  corresponding  values  of  the  independent  variable  x  and  the  dependent 

8y 
variable  _y,  and  plot  two  points  to  represent  them,  then  the  value  of  ^-,  or 

dv 
the  mean  value  of  the  rate  of  increase  4^  between  A  and  B  is  the  slope  of 

AB  to  the  axis  of  x: 

The  student  should  plot  the  cases  given  in  Examples  LlV.,  showing  that 
the  rate  of  increase  in  each  case  is  given  by  the  slope  of  a  line. 

96.  Variable  Rate  of  Increase — Geometrical  Representation. — The 
following  table  gives  the  time  taken  by  the  projectile  of  a  38-ton  gun  to  travel 
to  various  points  throughout  the  first  8  ft.  of  the  bore. 


j  feet,  travel  through 

bore      .... 

o 

O'l 

0-5 

I'O 

2'O 

3'° 

4-0 

t    seconds,  time   of 

travel    .... 

O'OOO 

0-00143 

0-00273 

0-00360 

0-00490 

0-00598 

0-00695 

Rate  of  Increase 


179 


1 

5'° 

6-0 

7-0 

8-0 

t 

0-00785 

0-00871 

0-00953 

0*01032 

Taking  values  of  s  as  ordinates  and  values  of  /as  abscissae,  and  plotting 
these  values  we  obtain  the  curve  OCA  in  Fig.  83 

While  /  increases  from  0-00143  to  0-01032,  s  increases  from  o'l  to  8. 


•002  -OO4  -006  -008 

Values  of  t.  (seconds) 
FIG.  83. 


/.*.  while  5/  is  0-00889,  5j  is  7-9,  and  the  mean  value  of  the  velocity 
throughout  the  interval  considered  is  g   =  o.QQgg    =  888  ft.  per  seconiL 
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In  the  figure  Sj  =  NA,  5/  =  SN,  and  the  mean  velocity  throughout  the 
interval  SN  is  —  =  ^ig  =  slope  of  chord  SA  to  the  axis  of  /. 

Similarly,  the  mean  velocity  from  /  =  ox>oi43  to  /  =  0*00871  is  equal  to 
the  slope  of  the  chord  SB. 

Mean  velocity  from  /  =  0-00143  to  /  =  0-00695  is  slope  of  chord  SC. 
„  „  /  =  O'ooi43  to  /  =  0x10490        „  „        SD. 

Thus  we  see  that  the  mean  velocity  between  any  two  definite  instants  is 
equal  to  the  slope  of  the  chord  joining  the  two  points  on  the  curve 
corresponding  to  those  instants. 

We  have  already  seen  (§  92)  that,  as  we  diminish  ^.he  interval  5/,  as  above. 

the  mean  velocity  ^  approaches  a  definite  limiting  value,  which  is  the  actual 

value  of  -j.  when  /  =  0-00143  seconds. 
at 

We  may  gradually  diminish  S/  in  the  figure  by  making  the  point  A  move 
along  the  curve  towards  S,  so  that  the  chord  SA  passes  through  the  positions 
SA,  SB,  SC,  SD  in  succession. 

Thus,  as  S/  is  diminished  and  A  approaches  S,  the  chord  SA  produced 
continually  approaches  the  tangent  ST  to  the  curve  at  S,  and  the  chord  may 
be  made  as  near  to  ST  as  we  please  by  taking  A  near  enough  to  S. 

The  tangent  ST  is  thus  the  limiting  position  of  the  chord  SA,  and  the 
slope  of  the  tangent  is  the  limiting  value  of  the  slope  of  the  chord.  But  we 

have  seen  that  the  slope  of  the  chord  measures  the  mean  velocity  — ,  and  the 

limiting  value  of  JT  is  the  value  of-,  at  S. 

.'.  the  slope  of  the  tangent  to  the  curve  at  S  measures  the  actual  velocity 
—  when  /  =  0*00143  second. 

Of 


97.  In   the  general  case,  if  we  plot  a   curve  to  show  the  connection 

dy 
between  two  variables_y  and  .r,  the  value  of  -4-  for  any  value  of  x  is  the  slope 

of  the  tangent  to  the  curve  at  the  corresponding  point.  We  call  this  the 
slope  of  the  curve  at  that  point. 

Note  that  the  curve  connecting  y  and  x  may  be  merely  a  curve  obtained 
from  experimental  results,  and  the  equation  connecting  y  and  x  need  not  be 
known. 

Note,  also,  that  if  the  rate  of  increase  is  uniform,  the  slope  of  the  curve  is 
everywhere  the  same,  and  the  tangent,  the  chords,  and  the  curve  in  Fig.  83 
all  coincide  in  one  straight  line. 

5y 
Note  that  ~  is  an  ordinary  fraction,  and  means  that  5y  is  divided  by  &r, 

but  -j-  does  not  mean  that  dy  is  divided  by  dx.  £  is  not  a  fraction,  but  a 
symbol  used  to  denote  the  rate  of  increase  of  y  with  respect  to  x.  In  our 
present  notation  dy  and  dx  standing  alone  have  no  meaning,  and  •£-  is  only 

written  in  the  form  of  a  fraction  because  it  is  the  limiting  value  towards  which 
a  fraction  approaches. 

dy 
Also,  in  the  expression  -y-.  d  is  not  multiplied  by  y  or  by  x  ;  d  standing  by 

itself  would  have  no  meaning. 
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08.  Hate  of  Decrease — Negative  Bate  of  Increase. — It  sometimes 
happens  that,  as  the  independent  variable  x  becomes  greater,  the  dependent 
variable  y  becomes  less,  so  that  the  curve  slopes  downwards  as  x  increases. 

If,  for  example,  we  plot  the  pressure  and  volume  of  a  given  quantity  of  a 
gas  at  constant  temperature  (see  Fig.  52),  p  decreases  as  -v  increases,  i.e.  ty  is 

negative  when  tv  is  positive.     The  value  of  f-  and  therefore  of  ~-  is  now 

Sv  dv 

negative,  and  the  curve  slopes  downwards  as  v  increases.     Thus  a  negative 

dy 
value  of  -jr  denotes  a  rate  of  decrease,  and  is  represented  graphically  by  the 

case  of  a  curve  which  slopes  downwards  to  the  axis  of  x  as  x  increases. 

08a.  Interpolation  Formula  for  Rate  of  Increase. — To  find  the  value 

dv 
of  j-  from  a  table  of  values  of  y  and  x  when  the  values  of  x  are  equidistant 

we  may  proceed  as  shown  in  the  following  example  : — 


X. 

y- 

«?• 

•y. 

i'y. 

*>• 

S'y. 

ir. 

no 

1593 

no 

"5 
1  20 

"5 

130 

J7Q3 
1824 
1961 
2123 

121 

137 
162 

20  1 

n 

10 

25 

39 

1 

14 
20 

4 
6 

1 
1 

5 

»35 
140 

2324 
2584 

260 

59 

The  column  of  second  differences  Sfy  is  obtained  by  subtracting  each  value  of  5y 
from  the  next,  and  so  on. 

dy 
Then  the  value  of  •#•  for  x  =  125  is  given  by  the  formula 


where  8m_y  denotes  the  mean  of  the  two  values  of  5y  lying  immediately  above  and 
below  a  horizontal  line  through  the  value  125  of  x. 

Thus  we  have,  as  accurately  as  is  possible  from  the  number  of  values  given  above, 
dy          _  ,  /I37  +  162  _  I     9_+J4  +  1  :  L±J\ 
<f**=i>s      5^        2  6  '       2  30  '      2    J 

=  5(149-5  -  I-9I7  +0-033)  =  29-523. 

d^v  d^v          I    /  I  I       \ 

So  also  the  value  of  y^  for  x  =  125  is  given  by  -p±  =  7^-r2(  &y  --  Vy  +  —  86j  1 

where  82_y  =  25  is  the  value  on  the  horizontal  line  through  the  value  125  of  x.     The 
student  is  not  yet  in  a  position  to  follow  the  proof  of  these  formulae. 

EXAMPLES.  —  LV. 

1.  Tabulate  the  mean  values  of  -j-  for  the  intervals  between  each  of  the  given 

ax 

dy 
values  of  x  in  the  following.     What  is  the  value  of  ~  when  x  =  13-50? 


X 

13-25 

i3'35 

i3'45 

I3-55 

13-65 

y 

1-52 

1-83 

2'l6 

2-51 

2-88 

i8a 
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dy 
2.  Tabulate  the  values  of  ~-  from  the  following.     Plot  curves  showing  the  values 

dy 
of  (o)y,  (6)  33  for  any  value  of  x  throughout  the  above  range. 


X 

1675 

17-27 

1776 

18-22 

18-65 

19-05 

y 

3'4i 

3'43 

3'45 

3'47 

3*49 

3-5I 

dy 
What  is  the  value  of-r  when  x  =  17*99? 

3.  j  is  the  distance  moved  by  a  piece  of  mechanism  in  a  straight  line  in  time  /. 
Tabulate  the  values  of  the  velocity  -r. 


0*4502 

J 

•oo 

0-6218 

•02 

07930 

"04 

0-9639 

•06 

1-1345 

•08 

1-3048 

•io 

4.  Tabulate  the  values  of  the  velocity  from  the  following  data,     j  and  /  have  the 
same  meaning  as  in  the  last  example. 


1-6762 

I'O2 

1-3078 
0-9386 

13 

0-5688 

I'll 

0-1983 

1-14 

6.  If  the  chronograph  records  of  the  time  at  which  a  shot  flying  horizontally  cuts 
three  equidistant  screens  150  ft.  apart  are  0-48907,  0-56331,  0-63865  seconds,  find 
the  velocity  of  the  shot  at  the  middle  screen. 

6.  Tabulate  the  values  of  -^  from  the  following  values  of  x  and  y  : — 


781 
783 
785 
787 

789 
791 


152490 

IS3272 
154056 
154842 
155630 
156420 


Rate  of  Increase 
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dv          cfiv 
7.  Tabulate  the  values  of  i^and  -^-from  the  following  corresponding  values  of 

y  and  x.     What  is  the  value  of  -^  when  x  =  7'2  ? 

Plot  three  curves  showing  the  values  of  (a)  y,  (})-?•  and  (c)  -j^t  for  every  value 

ctx  dx 

of  x.     Verify  by  measurement  that  the  slope  of  (a)  is  equal  to  the  ordinate  of  (3),  and 
that  the  slope  of  (&)  is  equal  to  Ihe  ordinate  of  (c ). 


6-8 
7-0 

7-2 
7*4 

7'f 

7-8 


11-431 

u'957 
12-567 

13 '305 
14-215 


8.  From  the  following  list  of  corresponding  values  of  y  and  x,  find  the  value  of 
i  x  =  4-0 : — 


3'5 
37 
3'9 
4' I 
4'3 
4'5 


12-30100 


14-65024 
16-13376 
17-82476 
19-72460 


9.  s  feet  is  the  distance  moved  in  a  straight  line  by  a  portion  of  a  machine  in 
time  t  seconds.  Find  its  acceleration  when  t  =  3*04.  The  force  acting  upon  it  is 
equal  to  its  mass  multiplied  by  its  acceleration.  Its  weight  is  400  Ibs.  The  unit  of 
mass  is  taken  as  32-2  Ibs.  in  order  to  obtain  the  force  in  pounds.  Find  the  force  acting 
upon  it  when  /  =  3-04. 


3  '02 
3-03 


3-06 


1*2534 
i*3859 
i*5'94 
1*6540 
1-7898 


10.  In  the  same  way  find  the  acceleration,  when  /  =  6'I4,  from  the  following 
data  : — 
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t  seconds. 


6'12 

«'13 
6*I4 

6-IS 

6*16 


i  feet. 


4*2691 


4-5349 
4-6765 
4-8243 


11.  j  gives  the  distance  at  time  /  of  the  piston  of  an  engine  from  some  fixed  point 
on  its  stroke,  as  measured  on  a  large  scale  drawing.  Construct  a  table  to  show  the 
velocity  and  acceleration  at  any  time  between  3'oi  and  3*11  sees.  Also  plot  two 
curves  to  show  (a)  the  value  of  s  at  any  time,  (b)  the  velocity  at  any  time,  and  verify 
by  measurement  that  the  ordinate  of  (b)  is  equal  to  the  slope  of  (a). 


t  seconds. 


3-01 
3-03 
3'OS 
3-07 
3-09 


i  feet. 


0-0065 
0-0373 

0*0922 
0-1692 
0*2663 
0-3815 


12.  In  the  following  table  s  is  the  distance  in  feet  which  the  projectile  of  a  gun 
travels  along  the  bore  in  /  seconds. 

Make  a  table  showing  the  velocity  v  and  the  acceleration  a  for  different  values  of 
s  from  o  to  14  ft. 

Plot  curves  showing  how  v  and  a  depend  upon  s  assuming  that  each  value  of  the 
speed  corresponds  to  the  middle  point  of  the  corresponding  interval  Ss. 


s  feet. 

t  seconds. 

s  feet. 

t  seconds. 

O*O 

O'OOOOO 

7*0 

0*00953 

0*1 

0*00143 

8*0 

0*01032 

O'S 

0*00273 

9*0 

0*01109 

1*0 

0*00360 

IO*O 

0*01184 

2*0 

0*00490 

iro 

0*01258 

3-0 

0*00598 

1  2*0 

0*01331 

4*0 

0*00695 

13-0 

0*01404 

5-0 

0*00785 

14*0 

0*01476 

6*0 

0*00871 

It  will  be  found  that  the  above  values  of  s  are  not  given  with  sufficient  accuracy 
to  obtain  values  of  the  acceleration  lying  exactly  on  a  regular  curve  when  plotted. 
Draw  the  curve  representing  the  results  best  on  the  whole. 

13.  In  the  following  table  P  is  the  population  of  England  and  Wales  in  millions 
as  enumerated  at  each  decennial  census.  Make  a  table  showing  the  average  rate  of 
increase  of  population  per  annum  throughout  each  ten  years.  Plot  curves  to  show  the 
connection  (a)  between  the  population  and  the  time  (i>)  between  the  rate  of  growth  of 
population  and  the  time. 


Rate  of  Increase 
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Year.     .     . 

i  So  i 

iSn 

1821 

1831 

1841 

1851 

1861 

1871 

iSSi 

1891 

1901 

Population  . 

8-89 

10-16 

I2'OO 

14-16 

.5-9- 

I7-93 

20-07 

2271 

25-97 

29-00 

3*'S3 

14.  The  table  shows  the  average  height  of  boys  at  different  ages  in  Great  Britain. 
Construct  a  table  showing  the  average  rate  of  growth  in  inches  per  annum  for  every 
year  of  age  between  4  and  21.  Plot  two  curves  showing  (a)  the  height  at  any  age, 
(b)  the  rate  of  growth  at  any  age. 


Age  (years)      .     . 

4 

5 

6 

7 

8 

9 

10 

ii 

12 

13 

Height  (inches)     . 

38-46 

41-03 

44-00 

45*97 

47-05 

49-70 

Si-84 

53'So 

54'99 

56-91 

Age  (years)  .     .     . 

14 

IS 

16 

»7 

18 

19 

20 

21 

Height  (inches) 

59-33 

62-24 

64-31 

66-24 

66-96 

67-29 

67-52 

67-63 

(British  Association  Report ',  1883.) 


16.  The  following  table  shows  the  average  strength  as  measured  by  the  drawing 
power  of  boys  at  different  ages. 

Make  a  table  showing  the  rate  of  increase  of  strength  per  annum  at  all  ages 
between  n  and  19.  Plot  two  curves  as  in  the  last  example. 


Age  (years)     .     . 

ii 

12 

13 

14 

15 

16 

17 

18 

19 

Strength  (Ibs.)     . 

37'5 

38-7 

44-2 

47-0 

52-2' 

58-2 

67-8 

74-2 

76-4 

16.  From  the  following  data  construct  a  table  showing  the  rate  of  increase  of 
weight  of  boys  at  any  age  between  IO  and  20.     Plot  two  curves  as  before. 


Age   ... 

10 

ii 

12 

13 

14 

15 

16 

17 

18 

»9 

20 

Weight  (Ibs.) 

67-5 

72-0 

76-7 

82-6 

92-0 

I02-7 

119-0 

130-9 

I37-4 

139-6 

I43-3 

17.  The  following  is  part  of  the  record  of  a  rough  survey  with  a  level. 
A  number  of  stations  are  fixed  along  a  road,  so  that  each  station  is  5  ft.  higher 
than  the  one  before  it. 
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No.  of  station. 

Distance  to  next  station  (yards). 

L 

3° 

2 

70 

3 

27 

4 

20 

5 

23 

6 

35 

7 

30 

The  stations  are  in  the  same  vertical  plane. 

Plot  a  curve  to  show  the  contour,  i.e.  the  shape  of  a  vertical  section  of  the  road 
between  stations  i  and  7.  Also  plot  a  curve  having  as  ordinate  the  slope  of  the  road 
at  any  point,  and  as  abscissa  the  distance  along  the  road. 

18.  A  body  weighing  150  Ibs.  moves  along  a  straight  line,  so  that  its  velocity  v  at 
distance  j  from  a  fixed  point  on  the  line  is  given  by  the  following  table : — 


jfeet     .     .     . 

o 

I 

2 

3 

4 

5 

v  ft.  per  second 

5'2 

6-5 

10-4 

16-9 

26*0 

377 

The  kinetic  energy  is  equal  to  ^mv^,  where  m  is  the  mass,  and  the  force  on  the 
body  is  equal  to  the  rate  of  increase  of  the  kinetic  energy  with  respect  to  the  distance. 
Construct  tables  and  plot  curves  showing  the  kinetic  energy  of  the  body  and  the  force 
upon  it  throughout  the  above  range  of  values  of  j. 

19.  <f>  is  the  entropy  of  I  Ib.  of  water  at  temperature  /°  F.  Make  a  table  to  show 
the  values  of  the  mean  rate  of  increase  of  <f>  per  degree  rise  in  temperature  for  the 
intervals  between  each  of  the  given  values  of  /. 


' 

2OO 

2IO 

220 

230 

240 

250 

* 

0-2949 

0-3101 

0-3251 

0-3399 

0-3545 

0-3690 

Plot  a  curve  to  show  the  value  of  — ^  throughout  the  above  range  of  temperature. 

20.  /  is  the  pressure  in  pounds  per  square  inch  of  saturated  steam  at  temperature 
«°F. 

Make  a  table  showing  the  values  of -^  throughout  the  given  range  of  temperature. 


f 

70 

75 

80 

85 

90 

95 

100 

105 

no 

"5 

e 

302-7 

307  '4 

311-8 

316-0 

320-0 

323'9 

327-6 

33»'  i 

334'S 

337-8 
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Plot  two  curves  showing  the  values  of  /  and  of  -£-  for  any  value  of  0  throughout 
the  above  range. 

21.  The  following  are  results  of  the  experiments  of  Bartoli  and  Stracciati  to  find 
the  specific  heat  of  water.  Q  is  the  quantity  of  heat  required  to  raise  the  temperature 
of  I  grm.  of  water  from  o°  C.  to  0°  C. 

The  specific  heat  s  is  the  rate  of  increase  of  the  quantity  of  heat  per  unit  rise  in 

temperature,  i.e.  s  =  -^.     Construct  a  table  and  a  curve  to  show  the  specific  heat  of 

water  at  any  temperature  throughout  the  above  range.     What  is  the  specific  heat  at 
temperatures  of  5°  and  7°  respectively  ? 


6. 

Q. 

3 

3'oi7i9 

4 

4-02180 

1 

5-02590 
6  '02946 

I 

7-03255 
8-03512 

22.  From  the  tables  make  out  a  list  of  the  values  of  -  between  6  =  o' 

aO 

radian  and  0  =  o'8378  radian.      Note  that  the  value  of  ~rr  ~    between  any  two 
values  of  0  is  equal  to  some  value  of  cos  0  between  the  same  values  of  0. 


23.  Make  out  a  list  of  values  of 


— 


—^ 
aa 


between  0  =  0-6981  radian,  and  0  =  0*7854 

radian.     Note  that  each  is  equal  to  a  value  of  —  sin  0  within   the   corresponding 
interval. 


24.  Make  out  a  list  of  values  of 


' 


do 


from  0  =  0-4363  radian  to  0  =  0-5236. 


25.  From  the  data  given  in  Ex.  XXXV.  14,  plot  a  curve  to  show  the  rate  of 
increase  in  the  returns  per^i  increase  in  the  capital  and  labour  expended  for  different 

values  of  the  amount  already  invested  in  the  farm,  i.e.  plot  -^  and  C. 

The  fanner  finds  that  he  can  get  5  per  cent,  for  his  money  elsewhere  with  equal 
safety.     How  much  will  it  be  profitable  to  invest  in  the  land  ? 

NOTE.  —  As  soon  as  -=  becomes  less  than  the  rate  of  profit  which  he  could  obtain 

U\^ 

elsewhere,  it  is  not  worth  his  while  to  invest  any  more  in  the  land. 

26.  The  following  values  of  x  and  y  being  given,  find  the  most  probable  value 
of  ~  when  x  =  3  :  — 


X 

o 

i 

2 

3 

4 

5 

6 

y 

u-8 

i6x> 

2O'O 

23-9 

27-6 

31-1 

34'5 

All  the  given  numbers  should  be  used. 


CHAPTER   XI 
DIFFERENTIA  TION 

99.  Differential  Coefficient  of  a  Function. — We  have  shown  how  to  find 
the  rate  of  increase  of  y  with  respect  to  x  from  a  list  of  corresponding  values 
at  small  intervals. 

\iy  is  given  as  a  function  of  x  by  means  of  an  equation,  we  can  calculate 
the  value  of  ty  corresponding  to  any  value  of  tix  from  the  equation,  and  thus 
obtain  a  formula  for  the  rate  of  increase. 

The  process  will  be  understood  from  the  following  example  : — 

EXAMPLE. — Let  y  =  $x  be  the  function  whose  rate  of  increase  with  resptct  to  x  we 
require  to  find. 

If  x  increases  by  the  amount  fcr,  so  as  to  become  x  +  Sx,  y  becomes 

5(jr  +  Sx)  =  5*  +  55* 
.'.  if  fy  denotes  the  corresponding  increase  in  y, 

y  +  5y  =  5*  +  $5* 

and  since  y  =  5  x 
.*.  subtracting,  Sy  =  $$x 

,  Sy 

and  -f  =  5 
$x      J 

Since  this  does   not  contain  Sx,  it   is   unaltered  when   Sx   and   Sy  are  indefinitely 

dy 
diminished  to  obtain  the  limiting  value  -g . 

.  dy_ 
"Tx~* 

dv 
The  value  of  -j-  is  called  the  differential  coefficient  of  y  with  respect  to  x. 

dy 
The  process  of  finding  -4  is  called  differentiating  y  with  respect  to  x. 

If  y  is  expressed  as  a  function  of  x  in  the  form  F(x),  we  may  write  its  differential 
coefficient  in  the  form  -j-JF(.*)j,  where  the  symbol  -j-  denotes  the  operation  of 
differentiating  with  respect  to  x. 

In  the  same  way  -p^  denotes  the  result  of  performing  the  operation  -3-  twice  in 

succession  upon  the  function^,  and  is  called  the  second  differential  coefficient  of_y. 

d"v 

•f-  is  called  the  «th  differential  coefficient  of  y  with  respect  to  x,  and  denotes  the 

result  of  performing  the  operation  -j-  n  times  in  succession. 
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100.  Geometrical  Illustration.  —  Consider  the  geometrical  meaning  of 
the  process  in  the  above  example. 

The  function  y  =  $x  is  represented  by  the  straight  line  OA,  whose  slope 
is  5. 

Let  OB  be  any  value  of  x  and  BC  the  corresponding 
value  of  y.    Then,  if  x  is  increased  to  OD,  y  increases        y      7* 
to  DE. 

Thus,  in  the  figure,  BD  =,  CF  =  Sx  and  FE  =  8y. 

Thus  ^  =  |£  =  5  =  slope  of  line  OA. 
8.T      FC 

This  is  the  mean  rate  of  increase  of  y  from  C  to  E. 

For  this  case  of  the  straight  line  it  is  evident  that  as  D 
moves  back  to  B,  and  F  and  E  to  C,  the  triangle  EFC 
remains  always  the  same  shape,  however  small  5r  may  be. 

5y 

.'.   in  the  limit,   as   E  moves  to   C,  the  value  of  — 

&r 

remains  equal  to  5. 

.'.   5  is  the  value  of  the  actual  rate  of  increase  of  y  at 

the  point  C  or  -%-  =  5. 
dx 

8y 
Note  that  for  a  straight  line  —  is  the  slope  of  the  line, 

and  is  the  same  however  large  the  interval  CE  is  taken. 

dy 
It  follows  that  -4-  is  the  slope  of  the  line,  and  is  the  same  for  all  values 

of  JT. 

The  same  method  evidently  applies  to  any  equation  y  —  ax  where  a  is  a 
constant. 


E 

A 

.; 

j 

C 

j 

1 

/ 

f 
E 

/ 

C 

' 

P 

v» 

BD          * 

FIG.  84. 

.-.  if  y  = 


, 


Next  consider  a  function  of  JT,  such  as  ^x  +  2.  Here  the  line  representing 
y  =  $x  +  2  is  obtained  from  the  straight  line  OA  in  the  previous  figure  by 
increasing  every  value  of  y  by  2  ;  i.e.  by  moving  the  line  parallel  to  itself 
upwards,  through  a  distance  of  2  units  parallel  to  Oy. 

We  thus  obtain  the  straight  line  PA'  in  the  figure  parallel  to  OA.     If  we 

dv 
proceed  as  before  to  find  -~.  the  triangle  E'F'C',  from  which  we  obtain 

--   is  equal  in  every  respect  to  EFC. 

•••g  =  F^  =  5asbefore 

dy 
and  .*.  -j-  =  S  (°T  every  point  on  PA'  as  it  is  for  every  point  on  OA  ;  or, 

otherwise,  since  the  slope  of  PA'  is  the  same  as  the  slope  of  PA,  the  value  of 
~-  must  be  the  same,  for 

y  =  sx  + 

So  also,  in  general,  the  effect  of  adding  a  constant  b  to  ax  is  simply  to 
move  the  line  y  =  ax  up  through  a  distance  b  without  altering  its  slope. 

dy 
Thus  -f-  is  not  altered,  and  it  follows  that 
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Similarly,  it  follows  that  the  addition  of  a  constant  c  to  any  function  of  x 
moves  the  whole  curve  upwards  through  a  distance  c,  but  does  not  alter  the 
slope  of  the  curve  for  any  value  of  x. 

dy 
Therefore  the  value  of  H£  is  not  changed  when  y  is  increased  by  a 

constant,  or 


If  y  is  a  constant  it  does  not  change  when  x  changes,  and  consequently 

its  rate  of  increase  is  zero,  or  -r-  =  o. 

dx 

Geometrically,  the  equation  y  =  c  represents  a  straight  line  parallel  to 
the  axis  of  x,  and  at  a  distance  c  from  it,  and  the  slope  of  this  line  is  o. 

dy  d?y 

Note  that  if  y  =  ax  +  b,  then,  since  -j-  =  a,  which  is  a  constant,  -f^  and 

all  higher  differential  coefficients  are  zero. 


EXAMPLES.  —  LVI. 

Differentiate  the  following  functions  of  x.  Also  plot  the  straight  lines  which 
represent  them,  and  verify  that  in  each  case  the  slope  of  the  line  is  equal  to  the 
differential  coefficient. 

I.  3*.  2.  \x.  3.  -  2x.  4.  -  i*. 

5.  J*  +  2.  6.4^  —  3.  7.  —£*+l.  8.   —  o'd*  +  2-i. 

9.  —  0*13*  —  2-5.      10.  0-253*  —  6'2i. 

Find  the  values  of  — 

II.  -    («/  +  *);  12.       (a-3«);  l»-«'-*)j 


14.  JQ  (3  -  i-29)  ;  15.  £(c-  3s)  ;  16.  ^  (2*  +  5)  ; 

where  a,  b,  and  c  are  constants. 

17.   If  V(  is  the  volume  at  temperature  f  C.  of  a  quantity  of  gas  which  occupies 
volume  V0  at  o°  C.,  and  at  the  same  pressure,  then 


What   is   the  rate   of  increase   of  the  volume  per  degree  rise  in  temperature  ? 
Illustrate  by  plotting  V,  and  t  for  the  case  V,  =  100. 

18.  The  current  C  amperes  in  a  conductor  of  resistance  R  ohms,  under  an  electro- 

t* 

motive  force  E  volts,  is  given  by  C  =  -=  . 

'jf* 

Find  the  rate  of  increase  -7=  of  the  current  with  respect  to   the  electro-motive 
ahi 

force. 

19.  If  we  find  by  experiment  that  the  speed  v  of  a  falling  body  and  the  time  t 
from  rest  are  connected  by  a  straight  line  law  ;  prove  that  the  acceleration  must  be 
constant. 
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20.  A  point  moves  along  a  straight  line  so  that  its  distance  s  from  a  fixed  point 
on  the  line  at  time  t  is  given  by  the  equation 

/  =  1-32  +  2'6t 

Find  its  velocity  and  acceleration. 

21.  The  length  t  of  a  stretched   wire  of    unstretched  length  /  is  given  by  the 
formula 

/  =  /+AE 

where  A  and  E  are  constants,  and  W  is  the  stretching  force.     Find  the  rate  at  which 
the  length  increases  per  unit  increase  in  the  stretching  force. 

22.  The  length  /  of  a  copper  cable  at  temperature  0°  F  is  given  by  the  formula 

/=  1560  (l  +  0'ooi8(0  -  32)} 
What  is  the  rate  of  increase  of  its  length  per  degree  rise  in  temperature  ? 

101.  Differentiation  of  ax2. — Next  consider  the  function  y  =  ax%. 

Let  x  increase  to  x  +  5-r. 

Then  the  new  value  of_y  which  we  denote  by 

y  -f  Sjf  =  a(x  +  8jr)a  =  axz  • 


Also  we  have^  =  ax3. 

We  have  here  a  pair  of  values  of  x  and  the  corresponding  values  of  y,  and 
we  proceed  to  find  5y  by  subtraction,  as  in  the  previous  paragraph. 
.*.  subtracting 


In  the  limit  when  $x  =  o  this  becomes 

dx=  2a* 

102.  Geometrical  Illustration. — We  shall  now  illustrate  the  geometrical 
meaning  of  the  above  process  as  applied  to  the  graphic  representation  of  the 
equation  y  =  ax3. 


y 

1-4 

1-3 
1-2 

M 
1 

/ 

/ 

V 

/ 

Y 

/ 

/ 

FIG.  86. 


Take  the  case  where  a 
Plot  the  curve  /  =  \x*. 
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Consider  the  point  A  on  the  curve  when  x  =  OB  =  2,  and,)'  =  BA  =  i. 

Let  x  increase  to  x  +  S*  =  OC  =  2*4,  so  that  $*•  =  BC  =  0*4. 

We  thus  get  the  point  D  on  the  curve,  and  if  AE  be  drawn  parallel  to 
Or,  5y  =  ED  =  0-44. 

Then  the  mean  rate  of  increase  of  y  with  respect  to  x  throughout  the 
interval  $x  is 


Kx      AE       o'4 

This  is  equal  to  the  slope  of  the  line  AD,  and  measures  the  mean  slope  of 
the  curve  from  A  to  D. 

As  Kx  is  diminished  C  moves  back  to  B,  and   E  and  D  to  A,  and  -£- 

dy 
approaches  its  limiting  value  jr,  which  is  equal  to  the  slope  of  the  tangent 

to  the  curve  at  A. 
We  find  that 


when  *x  =  0*3,    —  =  —  *  —  ~      =  1*075 
•"    8.*-        o' 


=  0-2,         =        -         =  1-05 

'     S*        0*2 

8y      o- 

'         - 


8y      0*0506 

„      ox  =  0*05,  ~  =  — - * —      =  1*0125 
J'  S.r       0*05 

8y      0*010025 

M      5x  =  0*01,  -f-  =  —      — *  =  1*0025 
$x         0*0 1 

Thus  ~  may  be  made  as  near  to  the  value  I  as  we  please  by  making  8jr 
sufficiently  small,  and  is  never  less  than  i. 

.*.  the  value  of  —  at  A,  which  is  the  limit  of  ^-  as  C  approaches  B,  is 
dx  8x 

equal  to  i. 

This  agrees  with  the  result  of  the  last  paragraph,  where  we  found  that, 

when  y  =  ^x3,  -7-  =  2xix;r  =  i,  and  when   x  =  OB  =  2  this  becomes 
ax  2' 

equal  to  i. 


103.  Differentiation  of  ax*. — The  two  cases  y  =•  ax  and  y  =  ax3  have 
been  very  fully  treated  to  enable  the  student  to  get  a  clear  idea  of  the  method 
of  obtaining  a  formula  for  the  rate  of  increase  of  a  function.  These  are 
special  cases  of  the  more  general  class  y  =  ax". 

We  shall  now  find  the  rate  of  increase  of  ax*. 

Let  y  =  x* 

Then  y  +  Sy  =  (x  +  Sjr)" 

=  x*  +  nx*~15x-+  . . .  terms  of  higher  degree  in  8^- (see  §45) 
.*.  subtracting 

9y  =  nx*-l*x  +  terms  of  higher  degree  in  *x 

.  8y 

•  «  —•  =  nx*-1  +  terms  containing  8:r 
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In  the  limit  when  S.r  becomes  indefinitely  small,  it  can  be  proved  that  the 
sum  of  all  the  terms  containing  84-  vanishes. 
We  thus  get 


dx 


=  **•-»,  or  - 


In  the  same  way,  if  a  is  any  constant,  it  follows  that 


As  before,  the  addition  of  a  constant  to  the  value  of  y  does  not  affect  the 
differential  coefficient,  or 


- 


+  V)  =  nax*~l  where  b  is  a  constant 


EXAMPLE.  —  To  verify  numerically  the  above  result  for  the  differential  coefficient  of 
x"  for  the  case  when  n  —  3. 

By  calculation  we  get  the  following  values  :  — 


Jt. 

x*=y. 

»y. 

ir. 

*r 

Ar- 

1000'  I 
JOOO'2 

iooo'3 

1000300030-001 

1000600120-008 

1000900270-027 

300090-007 
300150-019 

O'l 
O'l 

3000900  'O7 
3001500-19 

Mean  of  above  values  of  •—  =  3001200-13  =  probable  value  of  -^-forx=  rooo'2. 
By  the  rule  proved  above  for  differentiating  «*  we  get 

dv 
.TT  =  3-**  =  3(1000-2)*  =  3001200-12  for  x  —  iooo'2 

This  agrees  with  the  numerical  result  obtained  above  to  8  significant  figures. 

The  slight  error  in  the  second  decimal  place  is  due  to  the  assumption  that  —   is 

exactly  equal  to  the  mean  value  of  -j-  as  found  above. 
EXAMPLES. — 
(i.)  If  y  =  4**,  -/-  =  4  X  S*4  ~  20T'- 


(3-) 


=  6  X 
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EXAMPLES.  —  LVII. 

dy 
Write  down  the  values  of  -,    for  the  following  cases  :— 


5-^  =  -2          e.,  =  *»•». 

Find  the  value  of  the  following  :  — 


c">-         12          '          13-        wlw"  c  i 


14.    -  (#/*  4-  b)  where  a  and  b  are  constants. 
at 

104.  To  differentiate  the  Sum  of  a  Number  of  Terms. 

Let/  =  «j  +  «2  +  us  •  •  •  where  «1}  »2,  us  •  •  •  are  functions  of  .r,  which 
we  can  differentiate. 

Let  x  increase  to  x  +  Sr,  ult  u2,  u3  .  .  .  to  #,  +  Sw1}  «2  +  Su.a  #a  +  Su3  .  .  . 
and  y  to  y  +  87. 

Then  S/  =  8«j  +  S#2  +  8#3  4-  ... 

and  -=^  =  —  +  —  +  — 3  +  ... 
SJT      s^r        $x       fix 

and  in  the  limit  as  $x  and  therefore  Sult  Sz/.j  .  .  .  and  Sy  are  indefinitely 
diminished, 

dx       dx      dx       dx 

.'.  the  differential  coefficient  of  the  sum  of  a  number  of  terms  is  equal  to 
the  sum  of  their  differential  coefficients,  or  the  sum  of  a  number  of  terms  can 
be  differentiated  term  by  term. 

EXAMPLES. — 

(i.)  T  (3*  ~  S*3  +  6^  +  8*4)  =  3  ~  IQ*  +  T8-**  +  32**> 

*  ''  ds 

105.  Velocity  and  Acceleration. 

EXAMPLE. — A  point  moves  along  a  straight  line  so  that  its  distance  sfeet  from  some 
fixed  point  on  the  line  at  time  t  seconds  from  some  definite  instant  is  given  by  the 
formula 

t  =  4**  —  5'  +  3 

Find  expressions  for  its  velocity  and  acceleration  at  any  time.     Calculate  the  velocity  at 
time  5  seconds. 
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We  have 

velocity  =  -j  =  8/  —  5 

.*.  velocity  when  /  =  5  is  40  —  5  =  35  ft  per  second 
To  find  the  acceleration  we  have,  if  v  be  the  velocity  at  time  /, 

acceleration  =  rate  of  increase  of  velocity  with  respect  to  time 
_dv 
~~dt 
and  since    v  =  8/  —  5 

*     . 

dt~* 

i.e.  the  acceleration  is  constant,  and  equal  to  8  ft.  per  second  per  second. 

106.  EXAMPLE.  —  If  the  pressure  and  volume  of  a  gas  are  connected  by  the  relation 
pv1  =  C,    where  7  and  C   are  constants,  find  the  volumetric  elasticity  fH=—v  -j-  . 
We  have 

pv*  =  C,  and  .*.  /  =  Cz/~Y 


106a.  EXAMPLE.  —  To  test  -whether  two  quantities,  y  and  x,  are  connected  by  a 
relation  of  the  form  y  =  a  +  bxnt  having  given  a  curve  representing  y  as  a  function 
of*. 

Differentiating,  we  have 


dy 

Taking  logarithms 


5^ =*.*-' 

dx 


dy 

g     =  («-  *)  log  *  +  loe  bn- 


dy 
Thus  log  £•  and  log  x  are  connected  by  an  equation  of  the  first  degree,  and   the 

relation  between  them  is  represented  by  a  straight  line. 
We  therefore  proceed  as  follows  :  — 
From  the  curve  tabulate  values  of  y  for  equal  intervals  in  the  value  of  x. 

dv 
Thence  tabulate  values  of  ^-  as  on  p.  175. 

dx 
dy 
Plot  log  j-  and  log  x.     If  the  law  is  of  the  form  y  =  a  +  bx",  we  shall  get  a 

straight  line. 

By  substitution  of  the  values  of  log  -y-  and  log  x  obtained  from  two  points  on  the 

line,  the  values  of  n  —  i  and  log  bn  are  obtained,  and  n  and  b  are  determined. 
The  value  of  a  may  now  be  found  by  substitution  in  the  equation  y  =  a  +  bx*. 

EXAMPLES.  —  LVIII. 

Differentiate  with  respect  to  x. 

1.  3**  -  zx  +  I.  2.  2  -  5*  -  6x*. 

3.  4*"  -  3*5  +  7*4  -  x3  +  2x2  -  x  -3. 

4.  3*7  -  2ix4  +  6a-s  -  x.  5.  3^  -  2x-  +  x*  -  x*. 
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Find  the  value  of  the  following  :  — 
6.       (3 


7.        (a  +  bl  +  cf)  where  a,  b,  and  c  are  constants. 


8.  2/V       «  +c\ 
dz  \          Jsr         I 


8.    -£-(1-3*^-2*2-3  + 


10.  •=-  /  ^  - 


12.    —    (^2-5  _  ^1-88  _{_  33-2-9  _  ^'013  _J_  2'l). 


19. 


v* 


20.^- 


22. 


+  4  + 


23. 


d_     Z>  -  &  +  2Z  -  5 


d  (  479  \ 

*»\?**r 


26.   <f» 


27         49 

7' 


28. 
29. 

is  zero. 
30. 


Find  the  1st,  2nd,  3rd,  4th,  and  5th  differential  coefficients  of*3. 

d* 
Show  that  —j—  (*")  is  a  constant,  and  that  any  higher  differential  coefficient 

From  the  following  data  verify  the  rule  for  differentiating  x1  : — 


X. 

X*. 

966 

967 
968 
969 

933156 
935089 
937024 

938961 

31.  Calculate  the  values  of  3^  when  x  has  the  values  I2i't,   I2I'2,   I2I'3,  and 
thence  verify  numerically  the  rule  for  differentiating  ax"  for  the  case  when  a  =  3, 
«  =  2. 

32.  Verify  the  rule  for  differentiating  */x  from  the  following  : — 


X. 

^ 

966 
967 
968 
969 

31-081 
31-097 

3i'"3 
31-129 

Differentiation 

33.  Verify  the  rule  for  differentiating  */x  from  the  following 
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406 
410 
414 
418 


20-1494 
20-2485 
20-3470 
20-4450 


Plot  two  curves  showing  (a)  the  value  of  */ x  for  any  value  of  x,  (ft)  the  value  of 
—-j —  for  any  value  of  x.     Verify  by  measurement  that  the  ordinate  of  (6)  is  equal  to 

the  slope  of  (a). 

dy 
34.  From  the  following  numbers  tabulate  the  values  of  -^,  and  compare  with  the 

result  of  differentiating    .     Plot  curves  showing  the  values  of  y  and  J-foi  any  value 
of  x  within  this  range. 


S'Si 
8-82 
8-83 
8-84 
8-85 
8-86 


0-11351 
0-11338 
0-11325 

O'II3I2 
O'II2Q9 
0-11287 


Plot  two  curves  showing  (a)  the  value  of  y,  (b)  the  value  of  -j-  for  any  value  of  x 
within  the  given  range. 

35.  Do  the  same  for^  =  JT*  having  the  following  values  given  : — 


91 
92 

93 
94 


20-231 
20-379 
20-527 
20-674 


38.  Calculate  the  values  of  x*  for  the  cases  when  x  =  1000,  1001,  and  1002. 
From  your  results  find  the  mean  rate  of  increase  of  Xs  between  each  successive  pair  of 
the  above  values  of  x,  and  compare  with  the  result  of  differentiating  x3. 

37.  Calculate  the  values  of  -j  for  the  cases  x  =  1000,  1001,  and  1002  respec- 
tively, and,  as  above,  find  the  rate  of  increase  of  -5  for  the  given  intervals,  and  compare 
with  the  result  obtained  by  differentiation. 
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In   the   four   following   examples   the  curves  should  be  drawn  on  a  large  scale 
between  the  given  values  :  — 

38.  Draw  the  curve  y  =  x*  —  3*  +  2  from  x  —  2  '8  to  x  =  3'2,  and  measure  its 

slope  at  the  point  where  x  =  3.     Compare  this  value  with  the  value  of  -2-  obtained  by 

differentiation. 

NOTE.  —  This  and  the  following  examples  will  serve  to  give  the  student  an  idea  of 
the  accuracy  which  he  can  attain  in  measuring  the  slope  of  a  curve. 

39.  Draw  the  curve  y  =  2  +  2x  —  x1  from  x  =  l'8  to  x  =  2'2.     Find  its  slope  at 

x  —  2,  and  compare  with  the  value  of  -£-,  obtained  by  differentiation. 

40.  Draw  the  curve  y  =  x  --  from  x  =  0*9  to  x  =  ri.     Find  its  slope  at  x  =  I, 

and  compare  with  the  value  of  -4-  obtained  by  differentiation. 

41.  Draw  the  curve  ^  =  x-s*  +  zxv*  from  x  =  0-9  to  x  =  i'i.     Find  its  slope  at 
x  =  I,  and  compare  with  the  value  of  -j-  obtained  by  differentiation. 

42.  If  a  point  moves  along  a  straight  line  so  that  its  distance  j  feet  from  one  end 
at  time  t  seconds  always  satisfies  the  equation  /  =  3*1  —  5^  +  6/*,  find  its  velocity 
and  acceleration  at  the  end  of  5  seconds. 

43.  Similarly,  if  j  =  ^»  find  the  velocity  and  acceleration  at  the  end  of  6  seconds. 

Plot  curves  showing  the  values  of  (a)  the  distance  moved,  (6)  the  velocity,  (c)  the 
acceleration,  at  any  time  from  /  =  I  to  /  =  7. 

44.  The  distance  J  feet  travelled  by  a  falling  body  from  rest  in  time  /  seconds, 
neglecting  the  resistance  of  the  air,  is  given  approximately  by  the  formula  j  =  ifrif*. 
Find  an  expression  for  its  speed  at  any  time.     Plot  the  curve  J  =  i6'l/*,  and  by 
measuring  its  slope  to  the  axis  of  t  at  the  points  t  =  I,  /  =  2,  /  =  3,  /  =  4,  obtain  the 
velocity  after  falling  I,  2,  3  and  4  seconds  respectively.     Compare  with  the  values 
found  by  differentiation.     Also  find  the  acceleration. 

45.  The  distance  j  feet  fallen  by  a  stone  in  /  seconds  is  given  by  j  =  i6'if*  — 
2<x>t  +  5.     Find  expressions  for  the  velocity  and  acceleration  at  any  time. 

46.  A  point  moves  in  a  straight  line,  so  that  its  distance  from  a  fixed  point  on  the 
line  at  time  /  is  given  by  the  formula  f  =  a  +  bt  +  cP.     Find  formulae  for  its  velocity 
and  acceleration  at  any  time. 

47.  A  mass  of  200  units  moves  along  a  straight  line,  so  that  its  distance  s  from  a 
fixed  point  on  the  line  at  time  /  is  given  by  the  equation 


Let  v  be  its  velocity.  Then  its  kinetic  energy  is  Jwz/4,  and  its  momentum  is  mv, 
where  m  is  the  mass.  Find  expressions  for  its  kinetic  energy  and  momentum  at  any 
time. 

48.  The  pressure  and  volume  of  a  gas  at  constant  temperature  are  connected  by 
the  equation  pv  =  C.     Find  an  expression  for  the  rate  of  increase  of  the  pressure  with 
respect  to  the  volume.     Plot  the  curve  pv  =  I,  and  verify  your  result  by  measuring 
its  slope  at  the  point  where  v  =  i. 

49.  The  volumetric  elasticity  of  a  fluid  is  equal  to  e  =  —  v-jj-.     If  a  gas  expands 

at  constant  temperature,  so  as  to  obey  the  law  pv  =  C,  find  an  expression  for  the 
volumetric  elasticity  f,  and  show  that  e  =  p. 

50.  It  was  found  from  Regnault's  experiments  that  the  total  heat  Q  required  to 
raise  the  temperature  of  I  gram,  of  water  from  o°  C.  to  6°  C.  between  6  =  0  and 
6  =  200  is  given  by  the  equation 

Q  =  6  +  2  X  IO-J  .  tf2  +  3  X  io-r  0* 

The  specific  heat  at  temperature  6  is  the  rate  of  increase  of  the  quantity  of  heat  per 
unit  rise  in  temperature.  Find  a  formula  for  the  specific  heat  s  of  water  at  any 
temperature. 
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51.  It  was  found  by  Weber  that  the  quantity  Q  of  heai  required  to  raise  the 
temperature  of  unit  mass  of  diamond  from  or  C.  to  9°  C.  was  given  by  the  equation 

Q  =  0-09470  +  0-0004970*  —  o'ooooooiafl* 

Find  a  formula  for  the  specific  heat  s  at  any  temperature,  and  plot  curves  to  show  the 
values  of  s  and  Q  for  all  values  of  6  between  o°  and  200°. 

52.  This  and  the  following  examples  refer  to   beams  loaded  in  various  ways 
(see  pp.  97,  102).    y  is  the  deflection  at  a  distance  x  from  a  fixed  point  on  the  beam. 
W,  w,  E,  I,  and  /  are  constant! 

W 


53. 


54. 


7      24EI 

find£'8'8'S- 

w 
'  =  48El(3/  V  ~  * 

6j  rfy     rf*y     ^*y     </4y 
nd  —    — — •   — 1_  — ^_. 
<&'  ^c»    <&»'  ^ic4 


55.  Find  the  law  connecting  y  and  x,  having  given^Jte  following  corresponding 
values : — 


X 

0-5 

0-75 

i 

1-25 

i  '5 

y 

3 

7'75 

^7 

32-25 

55 

56.  A  curve  passes  through  the  following  points.     Show  that  its  equation  is  of 
the  form_y  =  a(x  +  b)n  and  find  the  values  of  the  constants. 


^ 

0-0952 

c-3784 

0-4832 

0-7029 

7 

2-4 

3-8  . 

4  '4 

5-8 

107.  Differentiation  of  e*. 

If  e  is  defined  as  in  §  7,  it  can  be  shown  that 


1.2        1.2-3        1.2.3.4 

where  the  sum  of  the  series  continually  approaches  a  definite  limiting  value 
as  the  number  of  terms  is  indefinitely  increased. 

It  can  be  shown  that  such  a  series  can  be  differentiated  term  by  term, 
and  that  the  result  is  the  differential  coefficient  of  the  sum. 

Differentiating  term  by  term,  we  find  that 
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dx  1.2       1.2.3      1.2.3.4 

Xs  X3  X* 

=  I  +  x  H  --  +  -  +  —  — 

1.2        1.2.3        1.2.3.4 

.=  e* 

Thus  e*  \s  a.  function  whose  rate  of  increase  with  respect  to  x  is  equal  to 
the  function  itself. 

This  result  shows  that  if  we  plot  the  curve  y  =  e*  the  slope  of  the  curve 
at  any  point  is  equal  to  the  ordinate  at  that  point. 

EXAMPLE  (i).  —  Plot  the  curve  y  =  c*  from  x  =  o  to  x  =  2,  measure  its  slope  at  the 
points  where  x  =  o-5,  I,  1*5,  and  compare  with  the  values  of  y. 

EXAMPLE  (2).  —  Plot  the  curve  y  =  e*-  on  a  large  scale  from  x  —  0-99  to  x  =  i  '01, 
and  measure  its  slope  at  the  point  x  =  I. 

The  differential  coefficient  of  aebx  may  be  obtained  in  the  same  way. 
We  have 

ffix^  ^ 

aebx  =  a  +  abx  +  a  --  1-  a 


1.2  1.2.3 

Differentiating  term  by  term,  we  get 

—(at;1'*}  ^ab  +  ab .  bx  +  ab f-  .  . .  =  abii** 

ax  i .  2 

Note  that  the  rate  of  increase  of  aeb*  is  proportional  to  the  function  ae*' 
itself. 

EXAMPLES. — 


(3-)    £ 

We  may  extend  this  method  to  the  differentiation  of  a*  ;  for,  by  the 
definition  of  a  logarithm, 

a  =  ^Iotf«  *  and  .*.  a*  =  e*  •  log«  • 

d 
/.  -T-(rt*)  =  (log.  a)^10*. »)  =  a* .  log.  a 

EXAMPLE. — 


=  0742  x  2gix. 

EXAMPLES. — LIX. 

1.  Plot  the  curve  y  =  ?*•  from  x  =  —  i  to  jr  =  +  I  ;  then  by  the  result  just 
proved  the  slope  of  this  curve  at  any  point  should  be  equal  to  —  (e*x)  =  2eZx  =  2y. 
Verify  this  by  measuring  the  slope  at  the  points  x  =  —  o-5,  x  =  0-25,  and  x  =-07. 
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2.  Tabulate  the  values  of  -j-  from  the  data  given  in  the  following  table.     Note 

dy 
that  in  each  case  the  value  of  -^-is  equal  to  some  value  of  y  within  the  corresponding 

interval. 


JC. 

—„ 

'SO 
'SI 

•52 
'S3 
'54 

4'48l69 
4-52673 

4-6l8l8 
4-66459 

Find  the  value  of  — 

O         ^* 

dx 

4.  £(4'2'- 

I"U).                      5.  —  ^ 

6.  -^(r6^2-«). 

7.  —  (<r1'3"  4 

5).                     8.  1(1 

8.    *  {3.7,1  •_*«. 

f3-i*«}. 

10.  ^-{ae-^  +  ce^ 

a,  6,  and  t  are  constants. 

11-  -r{j1's  —  2-6J4"2  +  i;-!^-2*  —  v5'1). 
«* 

12.  If  sinh  x  =  —    : — ,  and  cosh  *•  =  —     —  ,  show  that  -r-  (sinh  x)  =•  cosh  x,  and 


0 

^-(cosh  JT)  =  sinh  x. 

i  o     d  .  i  *     d 

13.  —  (4-81)*-  14.  — 

16.  -^(2-5)'.  I1 

d'. 
18.  If  ^  =  7<f-»<  +  5<?",  prove  that  ^  =  gs. 


15.J(2-85)'. 


^» 


19.  If  7  =  <i<**,  find  the  value  of         -  P 

20.  Uy  =  A^  +  B^%  find  the  value  of         -  5+  6y. 

21.  If^  =  A<r-ai*  +  B^-v,  find  the  values  of  C  and  D  so  that 


-.  ,  +  C  -j-  +  Dy  may  be  equal  to  o  for  all  values  of  x. 

22.  If  v  =  Ae  J   +  Ee  2   where  An  Xj  are  the  roots  of  the  quadratic  equation  in  A 

LA*  +  RA  +  L  =  o, 
Jv 

t/2!/  fl'z'          W 

prove  that  L^-r  +  R^r  +  jr  =  o. 

23.  If  a  body  is  heated  to  a  temperature  0,°  and  then  allowed  to  cool  by  radiation, 
its  temperature  at  time  /  seconds  is  given  by  the  equation  0  =  0,<f-°*  where  a  is  a 
constant.     Prove  that  the  rate  of  cooling  in  degrees  per  second  is  proportional  to  the 
temperature. 
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24.  If  V  is  the  difference  of  potential  at  time  (  between  the  plates  of  a  condenser 

dV  V 

discharging  through  a  resistance  R,  it  can  be  shown  that  -rr  =  —  TTTS-     Show  that 

_t_ 

this  equation  is  satisfied  if  V  =  V,^  KR  where  V,  is  constant.     What  is  the  value  of  V 
when  t  =  o  ? 


25.  Test  the  following  numbers  for  a  law  of  the  form  y  =  a  +  /'*"*,  and  find  the 
values  of  the  constants  :  — 


X 

O'l 

O'2 

0'3 

0-4 

y 

5-663 

6-476 

7-466 

8-675 

108.  Differentiation  of  sin  x. 

Letj  =  sin  x  where  x  is  measured  in  radians. 

Let  x  increase  to  x  +  $x,  and  y  to  y  +  $y. 

Then  y  +  8/  =  sin  (x  +  Sx) 

.*.  5j  =  sin  (x  +  5.r)  —  sin  x 


=  2  COS 

.*.  mean  rate  of  increase  of  y  is 

=  2  COS 


(      ,  5jr\    .     5x 
I  x  -\  —  1  sin  — 

V  2;  2 


.       S.T 

sin  - 
2 


sm  — 

2 


Sx 
2 


We  notice  from  the  tables  that  as  the  angle  —    is  made  smaller  and 
smaller  the  values  of  sin  —  and  of  —  become  more  and  more  nearly  equal. 

2  2 


It   may  be   rigorously  proved  that   the  fraction 


becomes  equal  to  i 


in  the  limit,  as  the  angle  —  is  indefinitely  diminished. 


.*.  -^  =  (  limit  of  -^  when  Sx  =  o  J  =  cos 
dx      \  *x  } 


109.  Differentiation  of  cos  x. 
Let  y  =  cos  x. 
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Let  x  inciease  to  x  +  Sx,  and_y  to,y  +  8y. 

Then  y  +  8y  =  cos  (x  +  8^r) 

$y  =  cos  (x  +  S.r)  —  cos  x 

(        $j~\        8:r 
=  —  2  sin  (  x  -\ 1  sin  - 

\  2  /  2 


S£ 

~2 


In  the  limit,  as  cos  Sx  vanishes,  this  becomes 

dy 

-f-  =  —  sin  x 

dx 


This  result  may  also  be  obtained  from  the  previous  one  by  writing  x  ^ — 


for  x. 


110.  EXAMPLE. —  To  verify  from  the  tables  that  -=-  (sin  x}  =  cos  x. 

ax 

We  have. 


^ 

Mean  value  of 

jr. 

y  =  sin  x. 

iy. 

a*. 

i~r' 

dy 

dx' 

23°  o' 
23°  i' 

23°  2' 

0-3907311 
0-3909980 
0-3912666 

0-0002669 
0-0002686 

\i'=  0-0002909 
)     radian 

0-9177 
0-9234 

>    0-9205 

—  is  eaual  to  the  mean  value  of  -^  throughout  each  interval  of  i'  for  which  it  is 
8*  dx 

measured,  and  the  mean  of  the  two  values  of  2-  is  approximately  equal  to  the  value 

of  Q  when  x  =  23°  i'. 
tat 
From  the  tables  we  find  that  the  value  of  cos  23°  i'  is  0*9204. 

.'.  -y-  (sin  x)  =  cos  x  for  the  value  x  =  23°  i'  within  the  limits  of  accuracy  of  the 
above  method. 

NOTE. — fix  must  be  expressed  in  radians  because,  in  proving  that  -r-  (sin  x)  =  cos  x, 
it  is  assumed  that  x  is  measured  in  radians. 


111.  Geometrical  Illustration. — Plot  the  curves  y  =  sin  x.  ABC,  and 
y  =  cos  x,  A'B'C',  measuring  x  in  radians. 

Then  the  result  of  §  108  shows  that  the  slope  of  the  sine  curve  at  any 
point  P  is  given  by  the  corresponding  ordinate  NP'  of  the  cosine  curve. 

In  particular,  the  slope  of  the  sine  curve  at  A  is  equal  to  AA'  or  unity. 
Note,  however,  that  the  slope  is  measured  as  in  §  95. 

From  A  to  B  the  sine  curve  becomes  less  and  less  steep,  until  at  B  the 
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slope  is  zero,  corresponding  to  the  point  B'  where  the  cosine  curve  cuts  the 
axis  of  x. 

From  B  to  C  the  sine  curve  slopes  downwards  and  increases  in  steepness 

.A'  B 


0-5 


-0-5 


\ 


\ 


I 

FIG.  87. 


77 

X 


until  at  C  its  slope  is  —  i,  corresponding  to  the  point  C'  on  the  cosine  curve, 
and  so  on. 

If  we  consider  the  slope  of  the  cosine  curve  we  see  that,  since  the  curve 

slopes  downwards  from  A'  to  B',  •—  must  be  negative,  and  pass  from  o  at  A 

to  —  i  at  B'  as  the  ordinate  of  the  sine  curve  changes  from  o  at  A  to  +  i 
at  B. 

This  agrees  with  the  result  -3-  (cos  x)  =  —  sin  x,  and  gives  a  geometrical 
explanation  of  the  minus  sign. 

112.  By  a  similar  method  to  that  used  to  differentiate  sin  x  and  cos  x 
we  may  show  that 

-T-  {a  sin  (bx  +  c}}  =  ab  cos  (bx  +  c) 


-T  .{a  cos  (bx  +  c)}  =  —  ab  sin  (bx  +  c) 


Thus 


-=-  sin  2x  =  2  cos 
dx 


-~j-  sin  (2x  +  i)  =  2  cos  (7.x  +  i) 
-T-  3  sin  (T.X  +  i)  =  6  cos  (zx  +  i) 

0MF 

-sin(i  -x)=  -  cos  (i  -  x) 


-j-  cos  4*  =  —  4  sin  4-r 
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A. 

dx 


2  cos  (5.r  —  2)  =  —  10  sin  (5jr  —  2) 


•fc  cos  (3  —  40-)  =  4  sin  (3  - 

EXAMPLES. — LX. 

Differentiate  the  following  with  respect  to  x  : — 
1.  sin  3*.  2.  cos  zx.  3.  sin  $x. 

5.  cos  (—3*).  6.  3sin(—  $x). 


4.  cos  -. 


7.  4  cos  (-2-35*). 

8.  2  sin  (zx  —  4).  9.   —  3  cos  (2  +  3*).  10.  5  sin  (2-5  +  yix). 

11.   —  2  cos  (i  —  3*).         12.  6  sin  (2  —  5*).  13.  ^  cos  (\  —  %x). 

14.  1-002  sin  (o  351*  +  0-273).  15.  2-56  cos  (3-71  —  1-52.*). 

Find  the  value  of  the  following  : — 

16.  ^  a  sin  (nt  +  «).  17.  -^  A  sin  (//  +  a).  18.  35  A  cos  (pt  +  a). 


10.  ^ •  (A  sin  (<r/  +  a)  +  B  sin  (ct  -  a)}. 
21.       3sin 


20.        A  sin  (0  +  e). 


22. 


23.  From  the  following  values  of  x  and  sin  x  find  the  value  of  -j  sin  JT  for  jr  =  20° 

and  verify  that  it  is  equal  to  cos  20°. 

NOTE. — Sx  must  be  measured  in  radians,  i'  =  0*0002909  radian. 


19°  59' 

20°  O' 
20°  I' 


0-3417468 
O-342020I 
0-3422935 


24.  From  the  following  values  of  x  and  cos  x  verify  that  -j-  cos  x 
the  case  4:  =  30°. 


for 


29°  59' 
30°  o' 
30°  i' 


0-8661708 
0-8660254 
0-8658799 


25.  Verify  that  -y-  cos  x  =  —  sin  x  for  the  case  x  =  74°. 


73°  59' 
74°  o' 
74°  i' 


0-2759170 
0-2756374 
0-2753577 
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26.  Draw  the  portions  of  the  curves 

y  =  sin  x,  and  y  =  sin  3.* 

between  x  =  0*1745  radian  =  10°  and  x  =  0*3491  radian  =  20°,  plotting  the  values 
of  x  in  radians.  Measure  the  slope  of  both  curves  when  x  =  O'26i8,  radian  =  15°, 
and  compare  the  measured  values  of  the  slope  with  the  values  cos  x  and  3  cos  3*  given 
by  differentiation. 

27.  Give  the  proof,  as  in  §  108,  that 

-T-  a  sin  (bx  +  c)  —  ab  cos  (bx  +  c) 

28.  Find  the  first  eight  differential  coefficients  of  sin  x  and  cos  x. 
Find  the  value  of — 

29.  J  a  sin  (ft  +  g).  80.  ~  3  sin  (2*  +  4). 

31.  jj  { i -2  sin  (2-6*  -  4'i)}. 

<fs 

32.  If  s  =  4  sin  2t  +  8  cos  2/,  prove  that  s  satisfies  the  equation  -7^  +  4^  =  0. 

(fy 

33.  If  y  —  A  sin  (4*  +  B),  find  the  value  of  j  2  +  i6y. 

d2v 

34.  If  y  =  A  sin  (nt  +  g),  find  the  value  of  ^-f  +  «->. 

f/y  i/y 

35.  y  —  a  sin  //  +  £  cos  //.     Find  the  value  of  -^  .     Express  -r   in  the  form 

A  sin  (/*  +  £•).     (See  §  37.) 

36.  If  a  piece  of  mechanism  moves  with  a  simple  harmonic  motion,  its  distance  * 
from  a  fixed  point  on  its  path  at  time  /  is  given  by  the  equation 

t  =•  a  sin  (z-irnt  +  g), 

where  a,  g  and  n  are  constants.  Find  expressions  for  the  velocity  and  acceleration  at 
any  time.  Show  that  the  acceleration  is  proportional  to  s. 

37.  In  the  last  example,  take  g  —  Qta  —  0*458  ft.,  n  —  rj**,  and  plot  curves  to  show 

(a)  the  distance  s,  (6)  the  velocity,  (c)  the  acceleration  at  any  time  from  t  =  o  to 
/  =  0*44  seconds. 

38.  A  mass  M  moves  in  a  straight  line  with  a  simple  harmonic  motion  given  by 
the  equation  s  =  a  sin  qt,  where  s  is  the  distance  of  its  centre  of  gravity  from  the  mid 
point  of  its  path  at  time  t.     If  v  is  its  velocity  find  expressions  for  its  kinetic  energy 
\  Mw2,  and  its  momentum  Mz>  at  any  time  t.     The  force  on  the  body  at  any  time  is 
measured  by  the  mass  multiplied  by  the  acceleration.     Find  an  expression  for  the 
force  at  any  time,  and  show  that  it  is  equal  to  the  rate  of  increase  of  the  momentum 
with  respect  to  the  time. 

39.  A  closed  plane  circuit  of  wire  enclosing  an  area  A  square  centimetres  is 
rotating  with  angular  velocity  q  radians  per  second  in  a  magnetic  field  of  intensity  H. 
If  t  is  measured  from  the  instant  when  the  plane  of  the  circuit  is  parallel  to  the  field, 
the  magnetic  induction  through  the  circuit  is  I  =  AH  sin  qt. 

The  electromotive  force  V  in  the  wire,  expressed  in  volts,  is  the  rate  of  increase  of 
the  magnetic  induction  per  second  multiplied  by  io~8.     Find  an  expression  for  the 

I IOO  X  2ir 

electromotive  force  at  any  time.     In  the  case  when  A  =  550  sq.  cms.,  q  =  ^ , 

oo 

H  =  7500,  plot  a  curve  to  show  the  electromotive  force  at  any  time  from  t  =  o  to 
/  =  0*0545  sees. 

40.  The  equation  T-J  =  m*u  occurs  in  the  theory  of  the  whirling  of  shafts,     m  is 
a  constant.     Show  that  this  equation  is  satisfied  by  putting 

u  =  Ai""1*  +  Br-""  +  C  cos  mx  +  D  sin  mx. 
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41.  The  equation 


itx 


cfu       Pu      WL  _ 

d**  +  El  +  SET  C°S  L  ~ 

occurs  in  finding  the  shape  of  a  strut  which  carries  a  thrust  at  the  end,  and  also  a 
lateral  load.     Show  that  it  is  satisfied  by  putting 


All  the  letters  except  «  and  x  represent  constants. 

42.  If  /  =  a  sin  t  +  b  sin  zt  +  c  sin  -$t,  find  the  value  of  -r  and  ^-j. 

r*  r3 

43.  If  x  =  r  sin  qt  +  -.  cos  2qt „  where  x  is  the  displacement  at  time  t  of  the 

4*  4* 

piston  of  a  steam-engine  from  the  middle  of  its  stroke,  r  =  length  of  crank,  /  =  length 
of  connecting  rod,  find  expressions  for  the  velocity  and  acceleration. 

What  are  the  values  of  the  acceleration  when  /=<?,—  and  -  ? 

zq          q 

44.  A  point  moves  along  a  straight  line  so  that  its  distance  s  from  a  fixed  point 
on  the  line  is  given  by  s  =  a  sin  (2-xft  +  g)  +  b  sin  (3*/2  +  A) ;  a,  b,  f,  g,  and  h  are 
constants.     Write  down  expressions  for  the  velocity  and  acceleration  at  any  time. 
Plot  a  curve  to  show  the  value  of  s  for  any  value  of  /  when  a  =  i  -5,  £  =  o'6,  g  =  0733, 

ii 
*  =  o  95i»/=  g-- 

% 

113.  Differentiation  of  log  x. 

If  y  is  a  function  of  .r,  and  Sy  and  S.r  are  simultaneous  increments  of  y 
and  x,  then 


y 
This  remains  true  as  8y  and  5.r  are  made  smaller  and  smaller,  and  -- 

</v 
approaches  the  limiting  value  -4-* 

.   dy  _   i 

•'  dx~  dx 

dy 

Let  j  =  log,  r 
Then  *•  =  <?» 

,  </jr 

and  -r  =  <?»  =  x 
dy 


Jt  follows  in  the  same  way  that 
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where  A,  B,  and  C  are  constants. 

Since  Iog10  x  =  0*4343  log,  *,  we  have  as  a  special  case 

*.\  _  °'4343 


We  may  verify  this  result  numerically  as  follows  : — 
From  the  tables  we  have 


jr. 

log,  *  =  .?• 

iy. 

fi.r. 

*y. 

&x 

dx  (mean). 

5'40 
5-4I 
S'42 

1-6863989 
1-6882491 
1-6900958 

0-0018502 
0-0018467 

O'OI 
O'OI 

©•18502 
0-18467 

0-18484 

We  have  by  differentiation 


=  -  =  =  0-18484.  for  x  =  5*41 

x      5-41 


which  agrees  to  5  significant  figures. 


EXAM  PLES.  -  -LXI. 

Find  the  value  of  the  following  : — 

d  .,  d 


2.  j-x  {log,  (vc  +  3)}. 
d 


3   jx  fog-  4*  +  3}. 
6.  ^{61og,.(7^  +  3)}- 
9.   ~(}ogex). 


4.  jx  {6  log.  (i  -  2*)}.       5.  1  (3  log,  (S/  +  4)}- 

^  Q  & 

10.  -7-3  (log,  3*).  11.  T-j  (log,  3^  +  2). 

12.  Verify  the  result  of  differentiating  log,  x  from  the  following  values:— 


jr. 

log,  *• 

8-60 
8'6i 
8-62 
8-63 

2-1517622 

2-1529243 

2-1540851 

2-1552445 

Plot  two  curves  showing  the  values  of  (a)  log,  x,  (i>)  -,  for  the  above  values  of  x, 
and  verify  that  the  ordinate  of  b  at  any  point  measures  the  slope  of  a. 

13.  Find  the  value  of  -r-  logjo  x,  when  x  =  4-1735,  from  the  following  values, 
and  compare  with  the  result  obtained  by  differentiating : — 
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JC. 

log  10  •*• 

4'i734 
4-1735 
4'i736 

0-6204900 
0*6205004 
0*6205108 

14.  Plot  the  curves  (a)  y  =  log«  x,  (l>)  y  =  log,,  x,  between  x  =  2  and  x  =  2*5. 
Verify  by  measurement  at  three  places  on  each  curve  that  the  slope  of  (b)  is  0*4343  of 
the  slope  of  (a)  for  the  same  value  of  x. 

15.  Find  the  value  of  —  {loge(jr  +  2)},  when  x  =  6*23,  from  the  following  values, 
and  compare  with  the  result  of  differentiating  : — 


jr. 

y  =  log,  (x  +  z). 

6'2O 

2-1041341 

6'22 

2-1065720 

6-24 

2-1089998 

6-26 

2-1114243 

16.  If  <f>,  =  logg  —  +  —  —  0*695,  find  an  expression  for  — -*. 

17.  If  <t>  =  O737.log.  — -  +  2-875  •  io- V  -  1096^  +  0-648,  find  -£. 


EXAMPLES  . — LXII 

Miscellaneous  Examples  in  Differentiation. 
Find  the  value  of  the  following  :— 

o     ^/_ii   • 

'f 


5-    if'-"* 


2.  ^V*11-*-  4-_-cos2j:} 

4.       {(f-z-ssi  4.  ^^f  ^.  cos  (2X  -  i)}. 

—  5  sin  (3-r  +  4)  +  6  cos  (zx  —  i)}. 


7. 


8.  =- 


_       +  sn 


^-{3'i«8*  —  2-1  sin  (i  —  3*0  —  5  cos  (2  —  4'3«)  4-  I'g^5"8  —  6^»}. 
-  /13  -  /-2-a  +  i). 


12.  5-  {<*'  -  3  sin  (2/  +  i)  +  4  cos  (3/  -  2)  +  sin  (i  -  4*)  -  2  cos  (i  -  /) 

+  3  cos  (o  7854)}. 
P 


CHAPTER  XII 

DIFFERENTIATION  OF   A   PRODUCT,    QUOTIENT,    AND 
FUNCTION  OF  A  FUNCTION 

114.  Differentiation  of  a  Product. 

Let_y  =  uv,  where  u  and  v  are  functions  of  x  which  can  be  differentiated. 
Let  x  increase  to  x  +  Sx,  so  that,  in  consequence, 

u  becomes  u  +  Su 
•v         „         v  +  5v 

y      „      y  +  *r 


Then  y  +  Sy  =  (u  +  $u)(v  +  $v) 

=  uv  +  utiv  +  v$u  +  Su  .  Sv 
and  since  y  =  uv 
subtracting,  we  get,  Sy  =  u5v  +  vtiu  +  SuSv 

.    Sy         5v         S«  Sv 

• . .  f-  -  U—  +  v—  +  8»— - 

tix         $x        §x          5x 

In  the  limit,  when  Sjr  diminishes  indefinitely,  •/-,  ~,  ~  become    ^>  -r ,  -? 

5x  Sjr'  6jr  dx  dx1  dx 

$v  ,  dv 

respectively,  and  the  term  Su~  becomes  o  x  -p  =  o. 


EXAMPLES  —  (i.)—Lety  =  **<ru. 

Take  «  =  *»,  w  =  e**  ; 

dy          dv         du 


(2.)—  -trf^  =  Jr4  «'«  (2.x  +  i). 

Take  «  =  jr4,  t»  =  sin  (2x  + 
i/j/  //»          du 


I)}  +{sin(2Jr+  i)}  X 
s=  2or4  cos  (2x  4-  i)  4-  4JT*  sin  (zx  +  i) 
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(3.)  Let y  =  2£**  sin  ($x  +  i). 

Let  «  =  ze**  ;  v  =  sin  (3*  +  i). 

dy  d  t  .  h       «  •  \       d 

—  =  2^  j-  {sin  (3.*  +  0}  4~  (sin  (3^:  +  i)}  x  -  (^f2*) 
<Mf  i/jr  </jr 

=  df2*  cos  (3*  +  i)  +  4^  sin  (yc  +  i) 
log«(jr-  3) 

Take  H  =  log,  (JT  -  3) ;  v  =  J.    =  *-  J. 

3        o*  V  J'     "^       /       .  » 


(5.)  7"<;  ^r^^ir  the  rule  for  differential  ing  xn  by  means  of  the  rule  for  differentiating 
a  product  for  the  case  when  n  is  a  positive  whole  number. 

dx 
It  follows  from  the  definition  of  a  differential  coefficient  that     ,  =  I. 

^(jr2)      d(xxx)          dx         dx 

Then    -V-  =  —  —. '    =  x  -r  +  x  -r-  =  2x. 

dx  dx  dx         dx 

dx3  _  d(x  X  x1)  _    tdx         dx9  _ 
dx  ~        dx  dx         dx 

*'  =  **£  +  *  v_  =^  +  3^  =  4*J. 


dx  dx  dx          dx 

In  the  same  way,  it  evidently  follows  that  as  we  proceed  to  higher  powers  of  x  the 
effect  of  each  addition  of  one  to  the  power  of  x  is  to  add  -j-  =  i  to  the  numerical 
coefficient,  and  to  raise  the  power  of  the  differential  coefficient  by  unity,  and  therefore 


j,      n\ 

if  n  is  a  positive  whole  number    '  x     = 


=  nx 


*  ~  1 


dx 

EXAMPLES.  — LXIII. 


Find  the  value  of — 


1    -r  e-**  cos  x.          2.  -e-3x  sin  (x  -  i).  3.  -j-e-6*  sin  (3  -  2x). 

dx  ax  dx 

4.  -j-  (sin  2x)  log,  (x  +  i).  5.  -j-  sin  3*  cos  ^x. 

Q    -j-  1  sin  qx  cos  6x.  7.  -j-  10  sin  yc  sin  7*. 

dx  ox 

8    -j-  15  cos  dx  cos  5 jr.  9.   —  sin  (2*  +  i)  cos  (3*  +  2). 

dx  dx 

10.  -7-  cos  (3*  +  i)  cos  (4*  -  5).  11.   —  sin  (2*  +  i)  sin  (2x  +  3). 

dx  ax 

12.    -T-  sin  (ax  +  b)  sin  (ax  +  d).  13.  -j  cos  (a.r  +  ^)  cos  (bx  +  <•). 

UI^T  uX 

14.   T-  sin  (OOP  +  b)  cos  (<rjr  +  d).  15.  -j-  x*  sin  jr. 

16.  4-  *'*  sin  (2*  +  i).  17.  -£  *»*«-.  18.  -^ 

a^jr  </JT  <ir 
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19.  If  y  =  Ae-*1  sin  (x  +  B),  find  the  value  of  -^  +  4/-  +  $y. 

20.  If  y  =  (A  +  B*)^2*,  find  the  value  of  -^  +  4-^-  +  4^. 

21.  If  ^  =  Ae~*  sin  (-v/2*  +  B),  find  the  value  of  -^  +  2^  +  3^. 

-—         /      /~i R*^  \ 

22.  If  v  =  As  2L  sin  (  V/  TTT  ~  7H  '  /+  B  )'   where  a11   the  letters  excePt  r 

\  v     iv  ij      4^-'  / 

and  /  represent  constants,  show  that 


115.  Differentiation  of  a  Quotient. 

Let  y  =  -  where  u  and  v  are  function 

'       ^ 

Then,  if  8jr,  8w,  8z/,  5/  are  simultaneous  increments  of  x,  u,  v,  andj/, 


Let  y  =  -  where  u  and  v  are  functions  of  x-  which  can  be  differentiated. 

' 


V  +  $V 

_  u 

V 

Subtracting 

11  +  8«      u      uv  +  vtiu  —  MS  —  uSv 
y  = = -. — - r 

Dividing  by  *x  we  get 

Su         Sv 
•v «— 


8j-      (v  +  &v)v 

f....,  ,.    .   .  ,       .    ,  c   .    .     Sy   Su  Sv ,  dy  du  dv 

In  the  limit,  when  8r  diminishes  indefinitely,  --•>  — ,  r-  become  ±\-r»-y 

1 '  $x  SJT  84:  dx1  dx  dx 


du        dv 

V—   -U— 

•     i          j  ^dy        dx        dx 

respectively,  and  we  get    -  =  3 


EXAMPLE  (i).  —  To  differentiate  tan  x. 

,    .  sin  x      u 

Let  y  =  tan  .*•  =  —  —  =  - 

cos*      v 

where  «  =  sin  x  and  v  =  cos  x. 

du         dv 

,  V  -J-    —  U  -T 


_  cos  y  .  cos  x  —  sin  jr  (  —  sin  *)  _  cos*  x  +  sin*jr 

cos*  x  cos*  JT 

=  sec** 

This  is  an  important  result,  and  should  be  remembered. 
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ft  u 

EXAMPLE  (2).—  Let  y  =   —     =  -,  where  u  =  ex,  v  -  sin  jr. 
smj;      v 

du         dv 

_,       dy  _  v  dx  ~     dx  _  sin  x  .  e*  —  ex  cos  x 
^  dx~  ~*  sin2  x 

x  sin  x  —  cos  x 
sin*  x 

EXAMPLE   (3). — To  verify  the   rule  for  differentiating  a  quotient  for  the  case 

y  =  -i  =  -  where  u  =  x*.  v  =  jr2. 
JT*       ^ 

</M  fl'w 

Then  <ty_  _  "^  ~"<&  _  x* .  6JT*  -  x" .  2x  -  ^, 
dx  v*  x* 

dy 
But  we  may  also  take  y  =  jp4,   and   .*.  -p  =  4-r1  by  the   previous  method  for 

differentiating  x*. 


EXAMPLES. — LXIV. 

Find  the  value  of  the  following : — 

d   cos  TfX.  2     d   sin  (i  —  3jr).  g 

*•   dx      x*  '  Tx  ~x~ 


-     d  /sin  x  \  a  d  /cos  x^ 

5-  T  I  r    -  I  e-  -j  \  ~ 

dx\logtxj'  ax\    e*   ^ 

d  '  »•  JE.  (cot  *). 


10-  -j  I  i J- 

/Jr^log.  Jry 

11    If  sinh  x  = r.  cosh  x  =  .  and  tanh  x  =  - — r — .     Find  the 

2                                 2  cosh  JT 

value  of  j-  (tanh  jr). 
ax 

12.  Show  that  -5-  (j;  log«  x  —  JT)  =  log«  x.     This  result  is  important. 

13.  Prove  the  rule  for  differentiating  xn  for  the  case  where  n  is  a  negative  whole 
number  by  using  the  rule  for  differentiating  a  quotient, 

i  /i    —     2  s"*  (2JC  ~  3)            -ic     ^     sin  (3JT  —  i)  ^            e~** 

'  dx  '           $e**t                         '  dx  '  cos  (2j:  +  3)  dx  '  cos  (2x  +  3)' 

TJ    !L           ^*                         18    —.    *—$  19     £   _sir 

J.  <  •     J..  -1 /  _          .  \'                              •*•*•'•     ^_      /  _     I      ,.  \2'  i0'     _7_  .1 / 


'  log.  (x  -  3)' 

on    -  3^  21    £       log.  (*  ~  4) 

^c    cos  (2jr  -  i)*  dx  '  cos  (JUT  +  7)* 

116.  Function  of  a  Function. — We  may  require  to  differentiate  such  a 
function  as  sin  (.r4)  where  we  already  know  how  to  differentiate  the  functions 
sin  u  and  x*  separately. 

Let.y  =  F(«)  where  u  is  a  function,  f(x),  of  jr  and  F  and  y  are  functions, 
which  we  can  differentiate. 

Let  x  increase  by  the  increment  8jr,  and  at  the  same  time  let  u  increase 
by  Su  and  y  by  5^. 
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Then   -  =  —-  x  —  by  algebra,  since  •?-  and  r-  are  algebraical  fractions. 
8;r      Su      5x"    '  5u          ox 

Now  let  S.r  and  consequently  Su  and  8y  be  indefinitely  diminished. 

.     5y   Sy   8«  dy   dy        ,  du  .     . 

Then,  m  the  limit,  --,  --.  —  become  -j-\  -£,  and  -r  respectively. 
5_r  o//   5.T  «a    a«  «jr 

•    dy  _  dy      du 

Note  that,  since  -/  and  -y-  are  no  longer  fractions,  this  does  not  follow 
at  once  by  cancelling  du. 

EXAMPLE  (i). — Let  y  =  sin  (x4). 

This  is  a  sine  of  a  fourth  power  and  both  of  these  are  functions  which  we  can 
already  differentiate. 

Let  u  =  x4  ;  then^y  =  sin  u 

dy       dy  ^    du      </(sin  «)  v,  </.**      ,          ,  , 

-^-  =  -f-  X  —  =  -^—5 — :  X  -j—  =  (cos  u)  X  4JT3  =  4^  cos  x*. 

dx      du      dx  du          dx 

EXAMPLE  (2).— y  =  Ioge  (sin  x}. 

Let  sin  x  =  u  ;  then  y  =  log,  u 

dy       dy       du       </(lo?e«)       d(sinx)       I  cos* 

-^-  =  —  x  —  =  — — r1 — J  X  -1— 5 — -  =  -  X  cos  *  = =  cot  jr. 

dx      du      dx  du  dx          u  sin  a: 

EXAMPLE  (3)  —Lety  =  (i  —  *)'. 

Let  u  =  i  —  x ;  then  y  =  u* 


Similarly  —  («^  +  ^)"  =  aw(oj:  +  ^)"  ~  J  where  a  and  b  are  any  constants. 

• 

x  —  3 
EXAMPLE  (4).—  y  =  log,  ^—^- 


We  must  here  combine  the  various  methods  of  this  chapter. 

*  —  3 
Let  =  a/  ;  then  _y  =  log   w 


.,  dy       dy       dw        I  .,  dw 
and  /=^-x-r-=-x-r- 
dx       w       dx 


To  find  -T-,  let  w  =  -  where  «  =  .*  —  3,  »  = 


(see  example  3) 
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.*.  substituting  and  simplifying 
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dx 


EXAMPLE  (5). — To  find  an  expression  for  the  slope  of  the  tangent  to  a  circle  at  any 
point. 

Take  the  centre  of  the  circle  as  origin  of  rectangular  co-ordinates.     Let  the 

radius  =  a,  and  let  x  and^  be  the  co- 
y  ordinates  of  any  point  P  on  the  circle. 

Then  x3  +  y*  =  a*  ;  y  =  Jo?  -  x*. 

dy 
We  require  to  find  -f  • 

Let  u  =  a*  —  x*  ;  then  y  —  */u, 
and  the  slope  of  the  tangent  to  the 
circle  at  P  is 

dy  _  dy  „  du 


_ 

dx      du       dx        du 


dx 


FIG.  88. 


_  x 

y 


Note  that  in  the  figure,  -=  tan  NPO,  and  slope  of  PT  =  —  tan  NTP. 

Thus  the  above  result  proves  that  NPO  =  NTP,  and  therefore  NPT  =  NOP, 
and  OPT  is  a  right  angle,  or  the  tangent  to  a  circle  is  perpendicular  to  the  radius  at 
the  point  of  contact. 

EXAMPLE  (6). — OP  is  a  crank  of  length  a,  revolving  with  constant  angular  velocity 
a:,  in  a  counter-clockwise  direction.  PQ  is  a  connecting-rod  of  length.  I.  Q  moves 
backwards  and  forwards  in  the  straight  line  OQ.  OR  is  perpendicular  to  OQ,  PN 
to  OR,  and  PM  to  OQ. 


FIG.  89. 


Prove  thai  PR  represents  on  some  scale  the  angular  velocity  of  the  connecting-rod 

PQ. 

Let  POQ  =  6,  PQO  =  <f>. 
Then  PM  =  a  sin  6  =  / sin  $. 
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Differentiate  both  sides  of  this  equation  with  respect  to  /. 

d  d  d6 

7f  (a  sin  9)=aje  (sin  6)  X  -,,  =  a  cos  0 

-(/•in*)- 

fl'd)  </0 

Now   T£  is  the  angular  velocity  of  the  connecting-rod  PQ,  and  -j-  is  the  angulai 

velocity  of  the  crank  OP,  and  is  constant  and  equal  to  o». 

d<t> 
,'.  u>  a  cos  8=1  cos  <p  37- 

d(f>  _     a  cos  0 
~ 


/  cos  <f> 

PN  OM          cos 

Now  PR  =     —  K,Dr>  =  --  —a 


—  K,Dr>  —     -  T 

cos  NPR       cos  <p          cos  <p 

'••.£  =  ?.  P" 

i.e.  PR  is  proportional  to  the  angular  velocity  of  the  connecting-rod  PQ. 
EXAMPLES.  —  LXV. 


Find  the  value  of  — 

1       d   (2        *)« 

2. 

0. 

11. 
14. 

/        i 

8     ' 

I 

(/JT  *  I  —  x' 
d 

2  +  3* 

/2JT+  I. 

4>  dx'  2-  3-r* 
</           i 

dx     4      3Jr> 

9    ^ 

Og.  (2JT  +  I). 

log,  (X*  -  2X  +  5  ) 

'  </*    Vs  —  2jr 

^v 
</           -  ... 

12.  ^1 

15-^' 

ar 

uJT                        J         '     J' 

13.  -T-  .  log.  (3  -  4*). 

d    . 
-T-  .log,  (I  -jr). 

16.  ^  •  log.  (2x*  -  3J:  +  4).  17.  ^  log.  (ax3  +  bx  +  <•). 

18.  We  have  log.  (jr2  +  x  —  12)  =  log.  (x  —  3)  +  log.  (JT  +  4).    Differentiate  both 
sides  of  this  equation  separately,  and  verify  that  the  result  is  the  same  in  both  cases. 

Differentiate  with  respect  to  x — 

19.  Sin3  x.               20.  Sin  *3.  21.  Log.  (**>  22.  (log,  x)*. 
23.  *<**).                  24.  (<-)'.  25.  Sin5  x.  26.  Log.  cos  x. 
27.  ^nta.                 28.  Cos  (<•*).  29.  Log.  (e*).  30.  Cos*  (a*  -  i). 
31 .  Log.  sin  (3*  +  2).  32.  Log  tan  jr.  33.  Sin*  x  cos*  x. 

34.  -4— .  35.  Sin-  *  cos"  *.  36.  Show  that  -; -,-£•*+<>  =  aeax*t. 

cosj  *  ax 

37.  Show  that .  x"  =  w**-1.     (Put  x  +  a  —  2,  and  x  —z  —  a.) 

a(x  +  a) 

d 

38.  Find  -p  log.  ax,  where  a  is  any  constant. 
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Find  the  value  of  — 

39.  £  log.  (,  +  J?  +  ?>.  40.  £  .  1  log.  I  *  -. 


«•        log.  42.        log.  -^L 

«r         jr-|-  a  </JT         ^2^  —  3 

43.  Prove  that  OR  in  Fig.  89  represents  on  some  scale  the  linear  velocity  of  the 
point  Q. 


44.  If  y  =  A  ,  find      .     Take  logarithms  of  both  sides  before 

differentiating. 


dv 
46.  Find  -j-  when  y  -  sin-1  x  and  when^  =  cos-1  jr. 

,  dx  dy        I 

First  find  -y  ,  then  -j-  =  -7-  • 
ay  aj;      aj; 

5 

Explain  by  means  of  a  curve  the  geometrical  meaning  of  the  ambiguity  in  the 

cdy 
s.gnof^. 


CHAPTER  XIII 


CALCULATION  OF  SMALL   CORRECTIONS 


117.  LET  A  and  B  be  two  neighbouring  points  on  a  curve  representing  /as 
a  function  of  x.     Let  (x^  y^)  be  the  co- 
ordinates of  A,  and  {x^  +  Sr,  y^  +  8/)  the 
co-ordinates  of  B. 

Then,  if  AN  and  NB  are  parallel  to  the 
axes  of  x  and  /,  AN  =  S.r,  NB  =  8/. 


Sy 
Then  *-  is  the  slope  of  the  chord  AB. 

It  appears  evident  from  the  figure,  and 
can  also  be  proved  analytically,  that  AB 
is  parallel  to  the  tangent  to  the  curve  at 
some  point  C  between  A  and  B. 

Now  -^-  measures  the  slope  of  the  tan- 
gent to  the  curve. 

.'.  •£  =  slope  of  chord  AB  =  value  of 
SJT 


ix. 


FIG.  90. 


corresponding  to  some  point 


C  between  A  and  B. 


dy 

'•v=£* 

x^  and  X-L  +  Sx 


- 


yhere  the  value  of  -4  is  taken  for  some  value  of  x  between 
dx 

dy 


If  Sjr  is  sufficiently  small,  we  may  take  the  value  of  -jj-  at  A  instead  of  at 

C  in  the  above  equation,  with  an  error  which  is,  in  general,  small  compared 
with  8;r. 

Thus,  if  a  small  variation  *x  occurs  in  the  value  of  x;  the  corresponding 

.    .       .        .    dy 
variation  in  y  is  -p-&r. 
dx 

EXAMPLE  (l). —  The  radius  of  a  circle  is  found  by  measurement  to  be  3*26  inches, 
and  the  area  is  calculated  from  this  value. 

If  there  may  be  an  error  of  '2  per  cent,  in  the  observed  value  of  the  radius,  what  is  the 
possible  error  in  the  calculated  value  of  the  area  ? 

Let  x  —  the  radius,  y  the  area  ; 

then  y  =  wx* 

But  if  there  is  an  error  Sx  in  the  observed  value  of  x,  it  has  just  been  shown  that 

dy 
the  consequent  error  in  y  is  8y  =  j-  Sx  =  zirxftx. 

.*.  if  SJT  =  (2  per  cent,  of  x)  =  — 
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.    IOO .  oy       irrj  .  100 
And  the  percentage  error  in  y  is —  =  — ^  =  4  per  cent. 

EXAMPLE  (2). — An  electrical  resistance  y  is  measured  by  balancing  it  against  a 
known  resistance  w  by  means  of  a  slide  wire  bridge.  I  —  x  and  x  are  the  resistances  of 
the  proportional  arms  of  the  bridge  corresponding  to  y  and  a>  respectively. 

It  is  required  to  find  the  error  in  thevalue  obtained 'for  y,  due  to  a  known  small  error 
a  in  the  value  of  x. 

It  is  known  that 


1(0 

- 


We  have  SJT  =  a 

Sy  I 

.*.  percentage  error  in  y  =  loo  —  =  _  —  —  -   x  TOO.  a 

y  x(l  —  x) 

EXAMPLE  (3).  —  The  angle  A  of  a  triangle  is  found  by  measurement  to  be  63°,  and 
the  area  is  calculated  by  the  formula  \  be  sin  A. 

Find  the  percentage  error  in  the  calculated  value  of  the  area,  due  to  an  error  ofl°  in 
the  observed  value  of  A. 

Let  S  =  the  area. 

Then  S  =  J  be  sin  A 

JS  =  ^|  5A  =  i  be  cos  A  .  8A 

aA 

SS 
.*.  percentage  error  inS=ioo-g-  =  ioo  cot  A  .  5  A 

o 

Now  5A  =  i°  =  0-0175  radian 
.'.  percentage  error  in  the  area  =  loo  X  cot  63°  x  0*0175  =  0*89  per  cent. 

EXAMPLE  (4).  —  An  error  equal  to  I  in  the  fourth  decimal  place  is  made  in  obtain- 
ing the  logarithm  of  a  number  as  the  result  of  a  calculation  -with  four-figure  log  tables. 
To  find  the  consequent  error  in  the  number. 

Let  x  be  the  logarithm  obtained,  and  y  its  antilogarithm.  Then  we  require  to 
find  the  error  \ay  due  to  an  error  of  O'oooi  in  x. 

We  have  — 

x  =  loglty 

dx  0*4343    , 

?JT  =  -T-  .  Sy  =  —  Sit?  .  jy 
dy  y 

.•.  Sy  =    y  X    =  -2—  when  &r  =  O'oooi. 
0-4343      4343 

Thus  the  difference  in  a  number  corresponding  to  a  difference  of  I  in  the  fourth 
decimal  place  of  its  log  is  ?3f%  of  the  number.  This  enables  us  to  calculate  the  table 
of  differences  for  antilogarithms. 


EXAMPLES. — LXVI. 

1.  The  radius  of  a  sphere  is  found  by  measurement  to  be  5  ins.     Find,  by  the 
methods  of  this  chapter,  the  error  caused  in  the  calculated  volume  by  an  error  of 
I  per  cent,  in  the  measured  value  of  the  radius. 

2.  An  error  of  O'i°  is  made  in  measuring  the  value  of  an  angle  9.     What  is  the 
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consequent  error  in  the  value  of  the  sine  of  the  angle  ?     Estimate  the  numerical  value 
of  this  error  (i)  when  6  is  small,  (2)  when  6  is  nearly  89°. 

3.  The  side  a  of  a  triangle  is  calculated  from  the  formula  a*  =  V*  +  c2  -  zbc  cos  A. 
Obtain  expressions  for  the  error  in  the  value  of  <z,  consequent  upon  a  known  small 
error,  (i)  in  the  value  of  the  angle  A,  (2)  in  the  value  of  the  side  c. 

4.  The  value  of  g,  the  acceleration  due  to  gravity,  is  found  to  be  32*2  by  calcula- 
tion from  the  formula  T  =  2ir^  /  -,  where  T  is  the  time  of  a  complete  oscillation  of  a 

\r        Q 

pendulum  of  length  /.     What  will  be  the  calculated  value  of  g  if  the  value  of  T  is 
measured  I  per  cent,  too  large  ? 

5.  If  V  cubic  feet  is  the  volume  of  water  displaced  by  a  ship  when  drawing  h  feet 
of  water,  and  if  for  a  certain  vessel  V  =  I2OO/&1'8,  find  an  expression  for  the  change 
produced  in  V,  at  any  given  draught  k,  by  a  change  of  I  inch  in  h.     Hence  find  an 
expression  for  the  cross-sectional  area  A  at  the  water-line  for  any  value  of  h. 

6.  If  x?  is  the  reading  of  a  tangent  galvanometer  when  a  current^  passes  through 
it,  then  y  =  C  tan  x  where   C    is   a  constant.     Find   the  percentage  error  in  the 
estimated  value  of  the  current  due  to  an  error  of  i°  in  the  observed  value  of  x, 
(i)  when  x  =  20° ;  (2)  when  x  =  45°  ;  (3)  when  x  =  70°. 


CHAPTER  XIV 
EXPANSION  OF  CERTAIN  FUNCTIONS  IN  SERIES 

118.  IN  Chapter  VIII.  it  was  seen  that  when  the  values  of  two  variables  y 
and  x  give  points  lying  on  a  regular  curve  when  plotted,  and  the  equation 
to  this  curve  does  not  seem  to  take  any  simple  form,  the  law  connecting  y 
and  x  can  be  found  in  the  form 

y  =  a  +  bx  +  ex*  +  dx3  +  ... 

We  found  that  the  coefficients  a,  b,  c,  d,  etc.,  are  in  general  smaller  and 
smaller  as  the  series  is  continued  to  higher  powers  of  x,  and  that  we  can 
usually  obtain  as  close  an  approximation  as  we  please  to  the  actual  law  con- 
necting^ and  x,  by  taking  a  sufficient  number  of  terms. 

When  y  is  given  as  a  function  of  x,  it  is  often  possible  to  find  an 
equivalent  series  of  the  above  form,  by  which  the  value  of  the  function  can 
be  calculated. 

119.  Sin  x  and  cos  x. 

EXAMPLE  (l). — To  find  a  series  for  sin  x  in  ascending  powers  of  x. 
Assume  that  there  is  such  a  series. 

Let  sin  x  =  a  +  bx  +  ex*  +  dx*  + (i) 

Since  this  equation  is  assumed  to  be  true  for  any  value  of  x,  we  may  substitute 
x  =  o. 

We  get  o  =  a  +  o  +  o+  .  .  . 

.*.  a  =  o,  the  sum  of  all  the  remaining  terms  vanishing  since  we  have  assumed 
that  the  sum  of  the  series  is  not  infinite,  however  many  terms  are  taken. 
Differentiate  both  sides  of  the  equation  (i). 

cos  x  =  b  +  zcx  +  ^dx?  + (2) 

We  here  assume  that  an  infinite  series  can  be  differentiated  term  by  term,  and  that 
the  result  is  the  differential  coefficient  of  the  sum. 
Putting  x  =  o  in  equation  (2),  we  get 

i  =  £  +  o  +  o . .. 
.•.*«"! 

Differentiating  both  sides  of  equation  (2),  we  get 

—  sin.*  =  2.c  +  2.3.</.;r+3.4.^..r7+   .  .  . 

Putting  x  =  o,  we  get 

O  =  2c    .'.  f  =  O 
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Differentiating  again,  and  putting  x  =  o,  we  get 


1.2.3 

Similarly,  we  may  find  the  values  of  the  constants  e,  f,  g  .  .  .  to  as  many  terms 
as  we  please  by  differentiating  any  number  of  times,  and  substituting  x  =  o  after 
differentiation. 

We  find  that  the  coefficients  of  all  the  even  powers  of  x  vanish,  and  that  the 
series  is 

sin  x  =  jc + —  2 —  +  .  .  . 

1.2.3^1.2.3.4.5       1.2.3.4.5.6.7 

We  may  use  this  series  to  calculate  the  value  of  sin  x  when  x  is  known. 
It  is,  of  course,  assumed  in  the  differentiation  of  the  above  series  that  x 
is  measured  in  radians. 

EXAMPLE  (2). — Show  in  the  same  way  that 

x1  x*  x* 


cos*=r-  l  .2  .3  >4  >s  .6 

EXAMPLE  (3).  —  To  calculate  the  value  of  sin  10°  correct  to  four  decimal  places. 
We  have  10°  =  0-1745  radian 

.*.  in  the  series 

x3  x* 

sin  x  =  x  --  -4 
^ 


1.2.3       1.2.3.4.5 

we  must  take  x  =  0-1745. 

It  is  most  convenient  to  arrange  the  work  as  follows,  so  that  each  term  can  be 
calculated  from  the  preceding  :  — 

Positive          Negative 
terms.  terms. 

x  =  0-1745  =0-1745 

x1  —  0-03044 

=  o'  1745  x  0-005073.  =  0*000884 


1.2.3          o 
x*  x3  x*  Xs 

x  —  = x  0-001522        =  0-0000013 


1.2.3.4.5      1.2.3      20      1.2.3 

rr  .r5  JC2  Xs 

x  0-00072  =  o'ooooooio 


1.2.3.4.5.6.7    1.2.3.4.5    42    1.2.3.4.5 


/.  sin  10°     =0-1745   -0-00088 
=  0-1736 
to  four  decimal  places. 

We  find  from  the  tables  that  sin  10°  =  0-1736.     We  see  that  the  successive  terms 
in  the  series  for  sin  x  get  smaller  and  smaller.     We  have  omitted  all  terms  beyond 

7 — ,  assuming  that  their  sum  will  not  affect  the  fourth  decimal  place  ; 

1.2.3.4.5.6.7' 

this  may  be  formally  proved. 


EXAMPLES.— LXVII. 

1.  Calculate  the  value  of  cos  10°,  correct  to  four  decimal  places,  and  compare 
with  the  tables. 

2.  Calculate  the  value  of  sin  5°  correct  to  four  decimal  places,  and  compare  with 
the  tables. 
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3.  Calculate  the  value  of  sin  20°  correct  to  four  decimal  places,  and  compare  with 
the  tables. 

Note  that  as  the  angle  becomes  larger  we  require  to  take  more  terms  of  the  series 
to  obtain  a  value  of  the  sine  correct  to  any  desired  degree  of  accuracy,  and  that  as  x 
becomes  smaller  and  smaller  sin  x  becomes  more  and  more  nearly  equal  to  x. 

120.  Log.  (1  +  JT). 

EXAMPLE  (i).  —  To  find  a  series  for  logt  (i  +  x). 

Assume  log,  (i  +  x)  =  a  +  bx  +  ex*  +  dx*  +  fx*  +  .  .  , 
Putting  x  =  o  we  have  a  =  log,  (i)  =  o. 
Differentiating  with  respect  to  x  we  have 


=  b  +  2cx  + 


Substituting  x  =  o  we  have  6  = 
Differentiating  again,  we  get 


(1+*)* 

Substituting  x  =  o  we  have  c  =  — 
Differentiating  again, 


Substituting  x  =  o,  we  have  d  =  $. 
Similarly,  e  —  —  J,  and  so  on,  and  the  series  is 

*  -L.  «*          **  J.   ** 
X)  =  X--  +  -~-   +    -     -... 

It  can  be  shown  that  the  assumptions  involved  in  this  proof  are  permissible  when 
x  is  numerically  less  than  I. 

EXAMPLE  (2).  —  To  calculate  loglt  1*05  correct  to  four  decimal  places. 
We  shall  first  find  log,(ix>5)  by  putting  x  —  ox>5  in  the  above  series. 

(0-05)* 
log.(i'05)  =  0-05  -  ^—f- 

Positive  terms.  Negative  terms. 

x  =          0-05 

x*   0*0025 

—  s=  ---  •     =  0-00125 

2  2 

Xs    O'OOOI25 

—  =  -  *   =  O'OOOO4I7 

3  3 

x*      o'ooooo625 
-  =  -     —  -  =  0-00000156 

4  4 

loga(l  +  x)  =  0-05O04  —  0'00125l6 

=  0-04879 

/.  log,.  1-05  =  0-04879  X  0-4343 

=  O'O2I2 

The  value  given  in  the  tables  is  0*0212  to  four  decimal  places. 

We  do  not  here  consider  the  question  of  how  far  the  assumptions  involved 
'n  the  proofs  of  the  series  of  this  chapter  are  allowable.     The  student  may 
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satisfy  himself  by  numerical  examples,  like  the   above,   that    the  results 
obtained  are  correct  for  the  series  which  we  treat  of  here. 

At  the  present   stage,    he  will  not  meet  with    any  series  where  these 
assumptions  cannot  be  allowed. 

EXAMPLES.—  LXVIII. 

1.  Calculate  log,0  roi,  log,,  n,  log,,  i'2,  log,,  1-3,  correct  to  four  places  of 
decimals,  and  compare  with  the  tables. 

Note  that  more  terms  are  required  as  x  becomes  larger. 

2.  If  x  =  -  we  have 

n 

log  (I  +  x)  =  log  (n  n  l'  =  log  (»+i)_  log  « 

Thus  if  log   n   is  known  we  can   calculate   log   (n  +  l)   by  using   the   series  for 
log  (i  +  x).     Calculate  log,,  3  having  given  that  log,,  2  =  o'3Oio. 

3.  An  important  property  of  the  function  **  in  its  physical  applications  is  that  its 
rate  of  increase  with  respect  to  x  is  equal  to  the  function  itself  (p.  200).     If  we  define 

dy 
y  as  a  function  of  x  such  that  -j-  is  always  equal  to_j/,  show  that  if  there  is  a  series  for 

y  in  ascending  powers  of  x  it  must  be 


y  = 


1.2         1.2.3 

given  that  y  =  i  when  x  =  o. 

Note  that  this  is  the  series  for  f  given  on  p.  199. 


and  calculate  log,,  2  and  loge  3. 


121.  Exponential  Values  of  Circular  Functions. 
We  have  shown  that 

x1  b 

sin  x  —  x  ----  + 


1.2.3      1-2.3.4 

X*      ,  X* 

COS  X  =    I  --  +   -- 
1.2         1.2.3.4 

Comparing  these  series  with  the  series 

x*    ,      x-3      ,         x*         . 

+         --+  + 


I.2.3.4.S 

we  see  that  it  appears  probable  that  there  is  some  close  relation  between  the 
exponential  function  e*  and  the  circular  functions  sin  x  and  cos  x.  The 
difficulty  is  that  the  signs  are  alternately  positive  and  negative  in  the  series 
for  sin  x  and  cos  .r,  while  they  are  all  positive  in  the  series  for  £*. 

To  remove  this  difficulty  we  may  introduce  the  imaginary  quantity  *J  —  r. 
If  we  use  this  quantity  as  if  it  were  real  in  algebraical  work,  of  which  the 
result  is  real  and  can  be  tested,  we  find  that  the  result  is  correct.  It  is  usual 
to  write  J  —  i  =  /.  so  that  /*  =  —  I,  i3  =  —  I  x  /=—/,/*  =  (—  i)2  =  +  I, 
i8  =  /',  and  so  on,  all  even  powers  of  /  being  real. 
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If  we  substitute  ix  for  x  in  the  series  for  <?*,  we  get 

r-2  f',-3  -,4  f~& 

e~  =  i  +  tx  -  -  - •-  -      -  + 


1.2       1.2.3      1.2.3.4      1.2.3.4. 
—  4-        **  4- 

1.2+1.2.3.4    "* 

=  cos  JT  +  2'  sin  .r 

Similarly  <?-•*  =  cos  JT  —  '  i  sin  x. 
From  these  equations  we  get 


EXAMPLE.  —  By  means  of  these  expressions  for  cos  x  jmd  sin  x,  show  that  sin 
2jc  =  2  sin  x  cos  jr. 

121  a.  Complex  numbers.  —  A  number  of  the  form  a  +  ib  where  a  and 
b  are  any  real  numbers  is  called  a  complex  number. 

Since  pe*a  =  p  cos  a  +  ip  sin  a,  we  may  express  any  complex  number  in 
the  form  peia  by  choosing  p  and  a  so  that  p  cos  a  =  a,  p  sin  a  =  <J,  />.  so  that 

p  =  Va2  +  P,  tan  a  =  £  (p.  42). 
a 

EXAMPLE.  —  To  express  3  +  ^i  in  the  form  p^"*. 

We  have  p  =  7'6i6,  o  =  66'8°  =  n66  radian  (Ex.  2,  p.  42)  ; 


We  are  thus  enabled  to  perform  various  arithmetical  operations  with 
complex  numbers.  The  complete  theory  must  be  deferred  to  a  later  stage, 
but  the  student  may  note  the  following  example  :  — 

EXAMPLE.  —  Evaluate  \^3  +  7*.  _         _ 

We  have  as  above  .*/3+J7=  vV6i6^'166*  =  V^^ioy0'583* 

=  2-76  (cos  o-583  +  i  sin  o'5S3),  taking  the  positive  value  of  the  square  root, 
=  276  (cos  33°  24'  +  i  sin  33°  24')  =  276  (0-8348  +  i  .  0-5505) 
=  2-301  +  i'52« 

The  student  should  verify  by  multiplication  that  the  square  of  this 
expression  is  3  +  7*'. 

The  square  root  of  a  complex  quantity  may  also  be  found  as  follows  :  — 
Let  V  3+  7*  '  =  a  +  ib,  where  a  and  b  are  real. 
Squaring  3  +  7/  =  a2  —  ^*  +  7.abi 

(<?  -  P  -  3)  =  i(7  -  2**) 

Squaring  (a2  -  P  -  3)2  =  -  (7  -  2ab)*. 

But  the  quantities  in  brackets  are  real,  and  therefore  neither  of  their 
squares  can  be  negative.  Therefore  both  sides  of  this  equation  must  be 
zero,  and  we  have 

a2  -  P  =  3 
-2ab  =  7. 

Solving  these  equations,  we  find  a  =  2-301,  b  =  1-52,  and  J-i  _i_  7/  _ 
2-301  +  1-522  as  before. 

121b.  Hyperbolic  Functions. 

The  functions  which  are  obtained  by  omitting  i  from  the  exponential 
values  of  the  circular  functions  are  called  the  hyperbolic  functions. 

Q 
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Thus  we  have 

The  hyperbolic  sine  of  -r,  which  is  written  sinh  x  =  —         -  ; 

e*  +  e~x 
the  hyperbolic  cosine  of  x,  which  is  written  cosh  x  =  - ; 

,  sinh  x        ,  i  i  i 

tanh  x  =  — r-—   sech  x  = T—   cosech  x=  -r-. r — ,  coth  x  =  - — r — . 

cosh  x  cosh  ar  sinh  x  tanh  x 

Expanding  the  values  of  <?*  and  e~*  in  the  above  definitions,  we  have 


X*  X* 

cosh  x  =  i  +  —  +  ,.2.3.4  +  .  .  . 

The  curve/  =  cosh  x  is  a  catenary,  and  has  been  plotted  in  Fig.  57. 

d  d 

We  have  -^  (sinh  **)  =  cosh  x,  and  ^  (cosh  x)  =  sinh  x.  (Ex.  LIX.  12.) 

EXAMPLE.  —  Find  the  value  of  cosh-1  r  103. 
Let  x  =  cosh-1  i  '103. 


Then  1*103  = 


2 

e*  —  2  -206  + 1~*  —  o 
Multiplying  by  e~* 

?*  —  2-2o6e*+  1=0. 
Solving  this  quadratic  for  e*,  we  get 

e*  =  1*569  or  0-637 
.'.  x  =  loge  1*569  or  log,  0*637  =  0*450  or   —  0*450. 

EXAMPLES. — LXVIIlA.  • 

1.  Plot  the  curves^  =  sinh  x,  y  =  tanh  x  from  x  =  —  5  to  .x  =  +  5. 

2.  Prove  the  formulae 

cosh2  x  —  sinh2  x  =  I 

l  —  tanh2  x  =  sech2  x. 
What  are  the  corresponding  formulae  for  circular  functions? 

3.  Show  that  if  x  =  a  cos  <j>,  y  =  a  sin  <f>,  (x,y)  is  a  point  on  the  circle,  x9  +  y*  =  a*. 
Show  that  if  x  =  a  cosh<p,  y  =  a  sinh  <p,  (x,  y)  is  a  point  on  the  rectangular 

hyperbola,  xz  —  y*  =  a2. 

4.  Prove  that 

sinh  (x  ±_y)  =  sinh  x  cosh  ^'  ±  cosh  x  sinh  ^ 
cosh  (JT  ±_y)  =  cosh  .*•  cosh_j/  ±  sinh  .*  sinh  /. 

5.  Prove  that 

sinh  2;r  =  2  sinh  .*•  cosh  x. 

cosh  2.*  =  cosh2  x  +  sinh2  x  =  i  +  2  sinh2  .*  =  2  cosh2  .*  —  I . 
What  are  the  corresponding  formulae  for  circular  functions  ? 

6.  By  means  of  the  series  calculate  the  values  of  sinh  o'2  and  cosh  o  '2  to  four 
places  of  decimals.  Ans.  0-2013,  1-0201. 

7.  Show  that  cos  ix  =  cosh  x,  sin  ix  =  i  sinh  x,  cosh  ix  =  cos  x,  and  sinh  ix  = 
i  sin  x. 

8.  Calculate  the  value  of  sinh  (o'2  —  o~2t).     Use  Ex.  4  or  the  series. 

•  Ans.  0-197  ~  0-203?. 

9.  Show  that -7-  tanh  x  =  sech2  x,  -r  coth  x  =  —  cosech2  x. 

ax  ax 

10.  Find  the  values  of  i  (sinh-1  x),  ^  (cosh-1  *)»  ~  tanh-1  AT).  (».  Ex.  LXV.  46.) 


CHAPTER  XV 
MAXIMA  AND  MINIMA 


(I.)  Graphic  Method. 

122.  The  following  table  gives  the  density  and  the  volume  in  cubic 
centimetres  of  I  grm.  of  water  at  temperatures  ranging  from  o°  C.  to 
100°  C.  :— 


/°c. 

Density. 

Volume  of  i  gnn.  in  c.c. 

0 

0-999874 

•000127 

I 

0-999930 

'000070 

2 

0-999970 

•000030 

3 

0-999993 

•000007 

4 

roooooo 
0-999992 
0-999969 

•oooooo 
•000008 
•000032 

8 

0-999931 
0-999878 

•000069 

'OOOI22 

We  see  that  as  /  increases  from  o°  C.,  the  density  increases  until  /  =  4°  C., 
and  then  diminishes,  while  the  volume  decreases  until  /  =  4°  C.  and  then 
increases. 
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Plotting  the  curves  D  and  V  (Fig.  91)  to  represent  the  density  and 
volume  as  functions  of  the  temperature,  we  see  that  for  the  value  4°  C.  of  / 
there  is  a  point  on  D  which  is  further  from  the  axis  of  /  than  any  point  on  the 
curve  in  its  immediate  neighbourhood.  Similarly,  for  the  same  value  of  / 
there  is  a  point  on  V  which  is  nearer  to  the  axis  of  /  than  any  point  on  the 
curve  in  its  immediate  neighbourhood.  We  express  this  by  saying  that  for 
the  value  4°  C.  of  /  there  is  a  maximum  value  roooooo  of  the  density  and  a 
minimum  value  i  '000000  of  the  volume. 

If  y  and  x  are  two  quantities  connected  in  such  a  way  that  as  x  increases 
there  is  a  value  of  x  for  which  y  stops  increasing  and  begins  to  decrease, 
that  value  oiy  is  called  a  maximum  value. 

If  there  is  a  value  of  x  for  which  as  x  increases  y  stops  decreasing  and 
begins  to  increase,  that  value  of_y  is  called  a  minimum  value. 

When  the  values  of  y  and  x  are  found  by  experiment,  as  in  the  above 
example,  we  can  sometimes  detect  the  maximum  and  minimum  values 
without  plotting  the  curve,  but  the  method  of  plotting  has  the  following 
advantages  : — 

(1)  When  the  maximum  or  minimum  value  is  between  two  tabulated 
values  the  shape  of  the  curve  in  the  neighbourhood  may  indicate  the  position 
of  the  maximum  or  minimum  value. 

(2)  It  shows  by  the  slope  of  the  curve,  near  the  maximum  or  minimum 
value,  whether  y  approaches  that  value  rapidly  or  slowly,  and  consequently 
what  error  will  be  made  by  taking  a  value  of  xt  which  is  slightly  greater  or 
less  than  the  true  value. 

123.  Instead  of  having  a  tabulated  list  of  values  of  y  and  x,  found  by 
experiment,  we  may  have_y  expressed  as  a  function  of  x  by  an  equation*. 

If  we  plot  a  curve  having  values  of  y  as  ordinates,  and  values  of  x  as 
abscissae,  we  can  find  the  maximum  or  minimum  values  by  inspection  of  the 
curve. 

EXAMPLE  (i). — To  divide  16  into  two  parts  so  that  their  product  is  a  maximum 


GO 


P20 


4  8  12 

Value  of  one  of  the  parts 
FIG.  92. 


10 


Plot  a  curve  for  which  values  of  one  of  the  parts  are  abscissas,  and  Talues  of  the 
product  are  ordinates.  We  see  that  the  maximum  product  is  64,  given  by  the  point 
M,  for  which  the  two  parts  are  each  equal  to  8. 
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EXAMPLE  (2). —  When  is  the  sum  of  a  number  and  the  square  of  its  reciprocal  a 
minimum  f 

Let  x  be  the  number.     Then  we  require  a  minimum  value  of  y  =  x  +    ,• 

Plotting  the  curve  to   represent  this  equation,  we  see  that  y  is  a    minimum, 
where  x  —  1*26. 

The  student  should  plot  the  curve. 

EXAMPLE  (3). — Find  the  maximum  and  minimum  values  of  x*  —  6x*  +  gx  +  5. 
Plot  the  curve  y=x*  — 

10 


7 


\ 


\ 


2 


Q 


1  2 

FIG.  93. 


We  see  that  there  is  a  maximum  value  9  where  x  =  I,  and  a  minimum  value  5 
where  x  =  3. 

Note  that  the  maximum  value  of  y  is  not  the  greatest  possible  value,  tut  merely 
the  greatest  in  the  immediate  neighbourhood  on  the  curve  ;  there  are,  of  course, 
greater  values  when  x  is  very  large.  Similarly,  the  minimum  value  5  of  y  is  not  the 
least  possible  value. 

EXAMPLE  (4). — Find  the  maximum  and  minimum  values  of  y  =  2  sin  t  +  J  sin  3/ 
between  /  =  o  and  t  =  tr. 

The  curve  representing^  as  a  function  of  /  has  been  drawn  in  Fig.  63. 

We  see  that  for  the  first  half  undulation^  from  t  =  o  to  /  =  ir,  there  are  two 
maximum  values  I '8,  where  /  =  0*837  radian  and  where  /=  2^204  radians,  and  a 
minimum  value  1*5,  where  t  =  I '57  radians. 

EXAMPLE  (5). — If  there  are  n  voltaic  cells  each  of  EMF  e  volts  and  internal 
resistance  r  ohms,  and  if  x  cells  are  arranged  in  series  and  -  rows  in  parallel,  the 
current  that  the  battery  will  send  through  an  external  resistance  R  is  given  by 

xe 


If  there  are  20  cells,  e  —  rg  volts,  r  =  o'2  ohms,  R  =  0*25  ohms  ;  h<nu  many  cells 
must  be  in  series  to  give  the  greatest  possible  current  t 


We  have,  substituting,  C  = 
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By  calculation  we  find  the  following  corresponding  values  of  C  and  x  : — 


X 

i 

20 

10 

4 

7 

5 

6 

C 

7-3I 

8-93 

iS'2 

18-52 

-  17-97 

'9 

18-68 

We  first  calculate  the  positions  of  a  few  points  to  get  a  general  idea  of  the  shape 
of  the  curve,  and  then  calculate  values  closer  together  in  the  neighbourhood  of  the 


maximum. 


5  9  13  17  18 

tl<n.  of  Cells  tn  series 
FIG.  94. 

Plotting  the  above  values  of  C  and  r,  we  get  the  curve,  Fig.  94. 

From  the  curve  we  see  that  the  greatest  current  of  19  amperes  is  obtained  when 
5  cells  are  in  series. 

We  may  here  note  an  advantage  of  the  graphic  method.  We  may  wish  to  know, 
not  only  how  many  cells  in  series  will  give  the  maximum  current,  but  also  whether 
it  will  make  more  difference  to  have  too  many  cells  in  series,  or  too  few. 

As  the  curve  falls  away  from  the  maximum  much  more  rapidly  when  x  is 
diminished  from  the  value  5  than  it  does  when  x  is  increased,  we  can  see  that  it  will 
make  more  difference  if  there  are  too  few  cells  in  series  than  it  will  if  there  are  too 
many,  as  compared  with  the  arrangement  which  gives  the  maximum  current. 

This  method  is  valic],  although  there  are  only  a  few  points  on  the  above  curve 
which  correspond  to  any  possible  physical  arrangement. 

EXAMPLES.— LXIX. 

1.  Find  a  number   such   that   the  sum  of  the  number  and  its  reciprocal   is   a 
minimum. 

2.  The  square  of  a  number  is  added  to  54  times  the  reciprocal  of  the  number. 
Find  the  number  so  that  the  result  may  be  a  minimum. 

3.  Divide  I  into  two  parts  so  that  twice  the  cube  of  one  part  together  with  3  times 
the  other  part  shall  be  a  minimum. 

4.  A  straight  line  10  inches  long  is  to  be  divided  into  two  parts  so  that  the  cube 
of  the  length  of  one  part  together  with  three  times  the  square  of  the  length  of  the 
other  part  shall  be  a  minimum.     What  are  the  lengths  of  the  two  parts  ? 

5.  The  log  of  a  number  to  base  10  is  subtracted  from  the  square  of  the  number. 
For  what  number  is  the  result  a  minimum  ? 
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6.  Find   the  values  of  x  for  which  the  expression  2x*  —  2IX2  +  6ox  +  5  is  a 
maximum  or  minimum. 

7.  Find   the  values  of   x  for   which    the  expression    x3  —  $x*  —  9*  +  8   is  a 
maximum  or  minimum. 

8.  Find  a  value    of   x  between   o  and  1*5  for  which  the  expression   5*624  — 
07935*  ~  !'21  cos  •*  is  a  minimum.     In  calculating  take  x  in  radians. 

T3 

9.  Find  a  value  of  0  between  o  and  •*  for  which  the  expression  r  sin  9 cos  20  is 

a  maximum  for  the  case  when  r  =  0*5,  /  =  3*5. 

10.  An  open  tank  is  to  be  constructed  of  sheet  iron  with  a  square  base  and 
vertical  sides  so  as  to  contain  4  cubic  ft.  of  water.     Find  the  width  and  depth  so  that 
the  least  possible  quantity  of  sheet  iron  may  be  used. 

11.  A  circular  filter  paper  is  of  diameter  n  cms.     It  is  required  to  fold  it  into  a 
cone.     Find  the  height  and  cubic  contents  of  this  cone  so  that  the  latter  may  be  the 
greatest  possible. 

12.  An  open  cylindrical  can  is  to  be  made  to  contain  255  cubic  ins.    Plot  a  curve 
to  show  the  total  area  of  tin  plate  that  will  be  used  for  different  values  of  the  diameter 
of  the  base.     Find  the  ratio  of  the  height  to  the  diameter  of  the  base  so  that  the  least 
possible  quantity  of  material  may  be  used. 

13.  A  rectangular  sheet  of  tin  24  ins.  by  18  ins.  has  four  equal  squares  cut  out 
at  the  corners,  and  the  sides  are  then  turned  up  so  as  to  form  a  rectangular  box. 
What  must  be  the  size  of  the  squares  cut  out  so  that  the  cubical  contents  of  the 
box  may  be  as  great  as  possible  ? 

14.  Describe  a  circle  of  radius  3  ins.     Inscribe  rectangles  in  this,  having  their 
sides  in  various  ratios.     Plot  the  areas  of  the  rectangles  and  the  length  of  one  side. 
Show  that  the  greatest  rectangle  which  can  be  inscribed  in  the  circle  is  a  square. 

15.  It  is  known  that  the  weight  of  coal  in  tons  consumed  per  hour  in  a  certain 
vessel  is  0*3  +  o'ooiz^  where  v  is  the  speed  in  knots.     The  wages,  interest  on  cost  of 
vessel,  etc.,  are  represented  by  the  value  of  I  ton  of  coal  per  hour.     What  value  of  v 
makes  the  total  cost  of  a  voyage  of  1000  nautical  miles  a  minimum  ? 

(Board  of  Education  Examination,  1902.) 

16.  The  strength  of  a  rectangular  beam  of  given  length,  loaded  and  supported  in 
a  given  way,  is  proportional  to  the  breadth  of  its  cross-section  multiplied  by  the  square 
of  the  depth. 

Find  the  breadth  and  depth  of  the  cross-section  of  the  strongest  rectangular  beam 
which  can  be  cut  out  of  a  cylindrical  tree  trunk  I  foot  in  diameter. 

Take  various  values  of  the  breadth,  and  measure  the  corresponding  depth  of  the 
beam  from  a  figure  drawn  to  scale.  Plot  a  curve  to  show  the  corresponding  values  of 
the  strength.  Then  find  more  exactly  by  calculation  the  values  of  the  breadth,  depth, 
and  strength,  near  the  case  of  maximum  strength  ;  and  plot  the  corresponding  portion 
of  the  curve  on  a  larger  scale. 

17.  The  stiffness  of  a  beam  varies  as  the  breadth  and  the  cube  of  the  depth. 
Find  in  the  same  way  as  in  the  last  example  the  breadth  which  gives   maximum 
stiffness. 

18.  As  in  example  5  worked  out  in  full  above,  find  the  maximum  current  and  the 
number  of  cells  in  series  when  there  are  48  cells  each  of  E.M.F.  1*4  volt  and  3  ohms 
resistance,  and  the  external  resistance  is  1 6  ohms. 

19.  A  battery  of  internal  resistance  r  and  E.M.F.  e  sends  a  current  through  an 
external  resistance  R.     The  power  given  to  the  external  circuit  is 

w *L_ 

~  (R  +  r)' 

Ifg  =  3-3,  and  r  =  1*5,  with  what  value  of  R  will  the  greatest  power  be  given  to 
the  external  circuit. 

20.  The  power  given  to  an  external  circuit  by  a  generator  of  internal  resistance  r, 
and  E.M.F.  e,  when  the  current  is  C,  is  W  =  Ce  —  C2r.     Find  for  what  current  this 
is  a  maximum  for  the  case  when  e  =  20  volts,  r  =  1'S  ohms. 

21.  A  and  B  are  two  points  on  the  same  side  of  a  plane  mirror  CD.    A,  B,  C,  and 
D  are  in  a  plane  perpendicular  to  the  surface  of  the  mirror.    A  ray  of  light  starts  from 
A,  is  reflected  by  the  mirror  at  P,  and  passes  to  B.     Plot  a  curve  to  show  the  total 
length  of  the  path  of  the  ray  of  light  for  different  positions  of  P  in  CD,  and  show  by 
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means  of  this  curve  that  the  path  is  the  shortest  possible  when  AP  and  PB  make 
equal  angles  with  the  mirror.  AN,  BM  are  perpendicular  to  CD.  In  your  figure 
take  AN  =  25  units,  BM  =  15,  MN  =  30.  Draw  the  figure  on  squared  paper, 
and  erect  ordinates  from  each  supposed  position  of  P  in  CD  to  represent  the  total 
length  of  the  path  of  the  ray  corresponding  to  that  position. 

22.  Light  passes  from  a  point  A  in  air  to  a  point  B  in  glass.     A  and  B  are  in  a 
plane  perpendicular  to  the  surface  of  the  glass,  cutting  the  surface  in  a  straight  line 
CD.     A  ray  of  light  passes  through  the  air  with  a  velocity  of  300,000  kms.  per 
second,  and  through  glass  with  a  velocity  of  182,000  kms.  per  second,  crossing  CD  at 
the  point  P. 

Plot  a  curve  to  show  the  time  taken  by  the  light  to  pass  from  A  to  B  for  different 
positions  of  P  in  CD. 

AN  and  B  M  are  perpendiculars  drawn  from  A  and  B  to  CD.  Take  AN  =  IO  cms., 
BM  =  15  cms.,  MN  =  20  cms.  Verify  that  the  least  possible  time  is  occupied  by  the 
ray  of  light  in  passing  from  A  to  B  when  sin  PAN  :  sin  PBM  =  velocity  in  air ; 
velocity  in  glass. 

23.  A  weight  W  is  being  pulled  along  a  rough  horizontal  surface  by  means  of 
a   rope   inclined   at   an   angle   0   to  the  surface.     The    pull   required   is   equal   to 

uW 

-, -. —  where  u.  is  the  coefficient  of  friction.     Find  the  angle  for  which  the 

cos  6  +  /j.  sin  0 

pull  required  is  a  minimum  in  the  case  where  /j.  =  o'6. 

24.  A  certain  patented  article  costs  is.  6d.  to  make.     The  following  table  gives 
the  number  sold  at  different  prices  : —  „ 


Price  .     .     . 

2S.  Od. 

zs.  6d. 

3J.  od. 

y.  6J. 

4-f.  od. 

4-r.  6d. 

No.  sold      . 

3600 

3100 

2640 

2080 

1300 

700 

Find  the  price  at  which  it  must  be  sold  so  that  the  total  profit  may  be  a  maximum. 


124.  (II.)  Maxima  and  Minima  by  Differentiation. — The  maxima 
and  minima  values  of  a  function  may  be  found  by  means  of  the  differential 
calculus. 

Consider  the  curve,  Fig.  93,  p.  229,  representing  the  function  y  —  x3  —  6-r2 

+  9*  +  5- 

Imagine  a  point  (x,  y)  to  move  along  the  curve  in  the  direction  of 
increasing  x.  Then,  as  the  point  passes  through  the  maximum  P,  y  stops 

dy 
increasing   and   begins   to  diminish,  i.e.  -—^  which  measures  the  rate  of 

increase  of  y,  changes  from  positive  to  negative  by  passing  through  the 
value  o. 

Similarly,  -j-  —  o  at  the  minimum  Q,  changing  from  negative  to  positive. 


dx 


dy 


Otherwise,  we  have  seen  that  -4-  measures  the  slope  of  the  tangent- to  the 

curve  measured  with  respect  to  the  axis  of  x.    At  the  points  P  and  Q  the 

dy 
tangent  is  parallel  to  Or,  and  its  slope  is  zero,  i.e.  -~-  =  o. 

We  thus  get  the  following  method  to  find  the  maximum  and  minimum 
values  of  y  when  expressed  as  a  function  of  x. 

dv  dy 

Find  -4-.    Then  the  equation  -^-  =  o  gives  values  of  x  for  which  y  is  a 

maximum  or  a  minimum. 

To  distinguish  between   maximum  and  minimum   values :   Suppose  a 
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point  (j ,  y)  to  move  along  the  curve  in  the  direction  of  increasing  x;  through 
a  maximum  such  as  P,  where  -j-  =  o.  Then  the  tangent  to  the  curve  drawn 

through  this  moving  point  is  turning  round  the  point  in  the  same  direction  as 
the  hands  of  a  clock,  and  the  angle  which  this  tangent  makes  with  CXr  is 
decreasing. 

Therefore  jr  is  decreasing,  and  v^,  which  measures  the  rate  of  increase 

dy 
of  —,  is  negative.      Similarly  at   a  minimum,  such  as  Q,  the  tangent  is 

turning  in  the  opposite  direction  to  the  hands  of  a  clock,  the  angle  which  it 

dv  d^"  v  • 

makes  with  (Xr  is   increasing,  and  therefore  -4-  is  increasing  and  -r4  is 

positive. 

Thus,  to  tell  whether  a  value  of  .r,  found  by  putting  ~  =  o,  gives  a 

dy 
maximum  or  a  minimum,  differentiate  again  the  expression  for  ~-  so  as  to 

get  -^4  and  substitute  the  value  of  x  found. 

If  the  result  is  negative  .y  is  a  maximum,  if  it  is  positive^  is  a  minimum 
for  that  value  of  .r. 

(fly 

In  the  special  case,  when  -T=^  =  o,  y  is  neither  a  maximum  nor  a  minimum, 

but  this  case  need  not  be  considered  at  the  present  stage. 

We  shall   now  consider  some  of  the  examples  already  solved  by  the 
graphic  method  in  §  123. 

EXAMPLE  (l). —  To  divide  16  into  two  parts  so  (hat  their  product  is  a  maximum. 
Let  x  be  one  part,  then  10  —  x  is  the  other  part,  and  their  product  y  =  x  (16  —  x) 
=  i6x  -  x\ 

~dx~  l    —  ZX 

dy 
For  a  maximum  or  minimum  -£-  =  o 

.*.  16  —  zx  =  o,  x  =  8 

Also  -r~i  —  —  *»  and  since  this  is  negative  for  all  values  of  x,  y  can  only  have  a 
alar 

maximum  value. 

Comparing  this  result  with  the  curve  Fig.  92,  we  see  that  the  condition  that  -^  is 

negative  expresses  that  the  slope  is  always  decreasing  as  we  pass  along  the  curve  in 
the  direction  of  increasing  x. 

EXAMPLE  (2). — For  what  number  is  the  sum  of  the  number  and  the  square  of  its 
reciprocal  a  minimum  ? 

As  before  y  =  x  +  -5 


v 

For  a  maximum  or  minimum  value  -£  =  o 

dx 

2  

.•.1—^  =  0,.*  =  V2  =  '" 
which  is  the  same  as  the  value  found  from  the  curve. 
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EXAMPLE  (3)-—  To  find  the  maximum  and  minimum  values  of 
y  =  x*  -  6x*  +  9*  +  5 


.'.  for  a  maximum  or  minimum  value 

3*J  —  I2x  +  9  =  0 

.'.  x  =  3  or  I 

Also  -r-,  =  6x  —  12 
ax* 

d*y 
For  x  —  3,  -Tp  is  positive,  and  therefore  y  is  a  minimum. 

d?y 
For  x  =  I,  y^  is  negative,  and  therefore^  is  a  maximum. 

Substituting  the  values  3  and  I  for  x,  we  get  5  as  the  minimum,  and  9  as  the 
maximum,  value  of^. 

These  results  agree  with  those  already  obtained  by  plotting. 

In  this  case  we  might  have  distinguished  between  the  maximum  and  minimum 
values  by  substitution,  but  the  above  method  is  more  general. 

EXAMPLE  (4).  —  We  shall  use  the  method  of  this  paragraph  to  find  the  arrangement 
of  a  number  of  cells  to  give  the  maximum  current  with  the  data  given  in  example  5, 
p.  229. 

*'9*      -  =  _  L2  _ 


We  have  C 
wenave^- 


_ 
0-01^  +  0-25  0-25 

O'OIJT  -\  --  " 


The  value   of  this  fraction   will  be   a   maximum   when   its    denominator    is    a 
minimum. 

Let  y  =  o-oi*  +  ^p- 

dy  0-25 

•f-  =  o-oi  —  -3* 
dx  x2 

.'.  for  a  minimum  value 

0-25 

O'OI  --  =*  =  O 

X* 

.'.  x2  =  25,  and  x  =  5 

i.e.  there  are  5  cells  in  series,  and  C  =  19,  as  we  find  by  the  graphic  method. 

It  is  evident  from  the  physical  conditions  that  this  value  of  C  is  a  maximum  and 
not  a  minimum. 

EXAMPLE  (5).  —  The  following  case  occurs  in  studying  the  flow  of  air  through  a 
small  opening. 

-         i    - 

For  what  value  of  x  is  xt  —  x     la  maximum,  y  being  1*4.     Plot  the  values  near 
the  maximum  value.  (Board  of  Education  Examination,  1902.) 

ai         ^        2^4        ip        ia 
We  have  j  =  art  -  *  *T  =  xr*  -  x™  =  x7  -  x"1 

6,  »,»_»*»  =  !*»(»  -tar*) 

dx~   1*         7       ~7      V 
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For  a  maximum  or  minimum  value  of/,     ~  =  O 


.*.  x  =  o,  or  10  —  12X'  =  o 

The  case  x  =  o  is  evidently  not  a  maximum  value. 

i  /io\ 

When  10  -  12**  =  o,  x  =  I  —      =  0-528 


/io\£ 
=  I  —  J    =  0- 


We  know  from  physical  reasons  that  this  value  of  x  gives  a  maximum  value  of^. 

The  student  should  satisfy  himself  that  this  is  so  by  plotting  the  value  of  y  for 
x  =  0*528,  and  for  two  values  of  x  respectively  a  little  greater  and  a  little  less 
than  0-528. 


EXAMPLES.  —  LXX. 

Find  the  values  of  x  for  which  the  following  expressions  have  their  maximum  and 
minimum  values  :  — 

1.  2x*  —  13-r2  +  24*  +  18.  2.  2x*  —  gx2  —  24*  +  12. 

3.  x*  -  12X3  +  28**  +  40.  4.  3*4  -  16-r*  -  6x"  +  480:  +  17. 

Work  Examples  LXIX.,  with  the  exception  of  numbers  21,  22,  and  24,  by  the 
method  of  this  chapter. 

5.  It  was  shown  in  example  2,  p.  219,  that  in  measuring  an  electrical  resistance 
by  means  of  a  bridge  wire  the  percentage  error  in  the  result  due  to  a  given  small  error 

in  the  position  of  the  sliding  key  is  proportional  to  —  -  -  where  x  is  the  variable 

r(/  —  x) 

distance  of  the  key  from  one  end  of  the  wire,  and  /  the  length  of  the  wire. 

Show  that  the  percentage  error  is  a  minimum  when  the  proportional  arms  are 
equal,  i.e.  when  the  key  is  in  the  middle  of  the  bridge  wire. 

Plot  a  curve  to  illustrate  your  result,  taking  /=  120  cms.,  «  =  5  ohms,  and  x 
varying  from  o  to  120  cms. 

6.  In  measuring  an  electric  current  by  means   of  a  tangent  galvanometer,  the 
percentage  error   due   to   a  given  small   error   in   the    reading    is    proportional  to 

tan  x  +  -  -  .     Show  that  this  is  a  minimum  when  x  =  45°. 


CHAPTER  XVI 

INDEFINITE  INTEGRALS 

125.  WE  have  already  shown  how  to  find  the  rate  of  increase  of  various 
functions  of  a  variable. 

We  often  require  to  perform  the  converse  operation,  i.e.  having  given  the 
rate  of  increase  of  a  function  to  find  the  function.  The  function  of  x  whose 
rate  of  increase  is  equal  toy,  is  called  the  indefinite  integral  oty  with  respect 
to  JT,  and  is  denoted  by  the  symbol  §ydx. 

For  example,  we  know  that  the  rate  of  increase  of  x6*  with  respect  to  x  is 
6-r5,  and  therefore  the  integral  of  6.T5  with  respect  to  x  is  x6,  or  fix^dx  =  x6. 

The  two  equations  -r-  •  x*  =  6X5  and  fix^dx  =  x6  are  two  different  ways 

of  expressing  the  same  thing. 

We  know  that  i^1  =  &*,  and  .'.  ft&dx  =  <?*. 

We  know  that  -7-  (sin  (zx  +  i)}  =  2  cos  (zx  +  i),  /.  j"2  cos  (zx  +  i)dx 

=  sin  (zx  +  i). 

In  the  same  way  it  follows 


because  x6  is  the  result  of  differentiating 
So  also 


fcos  (zx  +  \}dx  =  %  sin  (zx  +  i) 

Thus  we  see  that  every  result  in  differentiation  gives  a  corresponding 
result  in  integration. 


EXAMPLES.—  LXXI. 

% 

Find  the  values  of  the  following  expressions,  and  prove  by  differentiation  that 
your  results  are  correct  :  — 


1.  /3*»<*r.  2.  fa*d*.  3.  frdx.  4. 

5.  fse**dx.  6.  f**dx.  7.  f3e**</p.  8. 

9.  Jcos  xdx.  10.  j"3  cos  (3*  +  i)dx  11.  Jcos  (3^-  +  \)dx. 

12.  J2  cos  (3*  +  i)dx.        13.  fa  cos  (bx  +  «:)</*.  14.  f(-  sin  x)dx. 

16.    fsin  xdx.  16.    (2  sin  (zx  —  $djc.  17.    fsin  (2x  —  $)dx 

18.  J5  sin  (2jr  -  3)<ir.         10.  ja  sin  (^  +  f)dx.  20.  ^log  (^r  +  5). 
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21.  I dx,  which  is  usually  written  /  — — -  . 

22.  (*L.          23.     f^L.  24.     'log.  (2*  + 5).          25.    f-*L_. 
J  *                     J  x  +  6  dx  J  2x  +  5 

126.  In  working  through  the  above  examples  the  student  has  obtained 
number  of  standard  integrals  corresponding  to  the  differential  coefficients 
previously  obtained.  We  may  here  collect  them  for  reference. 

X*1  +  * 

jx*dx  =  — — —  except  when  »  =  —  I 


fa  sin  (bx  +  c)dx  =  —  T  cos  (bx  + 
fa  cos  (bx  +  c)dx  =  r  sin  (bx  +  c) 

[^  =  10 
}  x        °g'  * 


A.dx        A . 


f  A<fc 


127.  Arbitrary  Constant. 

We  have  -j-x1  =  7**,  ~r(^  +  5)  =  7-**,  ^irC*7  ~  3)  =  7**. 

Thus  jfx6dx  =  jr7,  or  jr7  +  5,  or  jr7  —  6,  or,  in  general,  ^7  +  C 

where  C  is  any  constant,  because  all  expressions  of  the  form  x*  +  C  have  the 
same  differential  coefficient  jx*. 

In  the  same  way,  each  of  the  integrals  in  the  above  list  is  intermediate  to 
the  extent  of  an  arbitrary  constant.     Thus  the  full  expression  for  jx*dx  is 

— : H  C.     We  usually  omit  the  constant,  but  it  sometimes  has  to  be  taken 

into  account. 

128.  EXAMPLES. — 

^*as  = 


dv  v-0'V        -  27 

~1  "          --  —  —  —  ' 


2 

/2  sin  (6oo/  +  0-5236)^  =  —  7  —  cos  (6oof  +  0-5236). 

=  —  0-0033  cos  (6oo/  +  0-5236). 


J"3"2  cos  (2.6  —  i"])dO  =  I  '6  sin  (26  —  1-7). 

cc 
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fa  sin  (6t+  cx)dt  =  —  ?-cos  (bt  +  ex), 
(a  sin  (bt  +  cx)dx  = cos  (bt  +  ex). 

The  symbols  dx  and  dt  in  the  last  two  examples  show  whether  x  or  t  is  considered  as 
variable. 

EXAMPLE. — Find  (pdv  having  given  that  pifl'9  =  C. 

c 

We  have/ =  --9 


We  have  already  shown  that  a  sum  or  difference  can  be  differentiated 
term  by  term.  It  follows  that  a  sum  or  difference  can  be  integrated  term  by 
term.  Thus  — 


f{a  sin  (bt  +  c)  +  kt  +  g}dt  =  -  -  cos  (bt  +  c  )  +  -/2  +  gt 


.    EXAMPLES. — LXXII. 
Evaluate  the  following  : — 


1.  /*»<&. 

r                                                  /"o^ 

2.  /^^.                    3.  fe- 

4. 

5.  ItTxdx. 

r  ,  ,                        /"^c 

fl      i  -rl  »//*•                           v       1  

o.  j^                       /.  j  atff 

8. 

9.  /3</*. 

10.  /oic.                      11.  ]cdx. 

12. 

13>  I]?' 

14.    fe                     15.    fe. 

16. 

i  rr         1     "'" 

17.   I^gj. 

la  f**_m                   19.  J*.. 

20. 

21.    I^L- 

j       %f 

22.  jcf>dt.                 23.  /2^^ 

r.             24. 

25.  /3^#. 

26.  fif26e~l^"tfy. 

27.  /«-&., 

28.  /sin  (*  -  3) 

dx.      29.  /cos  (#  —  2)dx. 

30.  /2  cos  ( 

31.  J2  sin  w  du. 

32.  /3  cos  j  dy. 

33.  /4  cos  ( 

(dx 

1**' 


34.     3  sin  (2jc  —  i)<fjr.  35.     i'3  sin 

36.  /i  -3  sin  (2-50  +  6)d6.  37.  /2'3  cos  (I  -  -$8)48. 

38.  /A  sin  (ztft  +  e)dt.  39.  /A  r  cos  (r?/  +  e)dt. 

40.  jxjfidx  when  j/  =  »wr,  and  also  when  y1  =  4<wr. 

41.  [mx*dy  where  m  =  -  and  x  =  by. 

42.  a  sin  (bt  +  cx)dx  where  /  =  5*  +  2. 


43.    [PiP±  —  ?  where  /lf  z/i,  7  are  constants.       44.    (xydx  whenj'  =  bx  +  e 

J      v"1 
45.    (x*ydx  when  y  =  mx  +  e.  46.  //<&/  when/z/'''  =  C. 
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47.   (fdv  when  pvt  =  C 

(i)  when  j  =  i'37,  (2)  when  j  =  I,  (3)  when  s  =  o-8. 


.  0 

l~Kdx  wnere  -A-  = 

49.  If  -r-  =  3 


61.        =  3<"  +  5, 


~ 
<*•# 


52.  j'  =  -  p  --  t-  I'zor*  +  sin  (3*  +  i)  +  2'6,  find^. 

Evaluate  the  following  :— 

53.  J(3**  -  2*  +  4)</.r.  64.  J(4/»  -  3^  +  zt  -  i)dt. 
55.     (3^  +  4*  -  5)<#.  56.     ( 


57.  J(j»  -  j«-»  -  3-u»  -  J  -  5)^.  58. 

59.  J{5«»  -  a  sin  (r  4-  <//<)  4-  3  cos  (a  +  cu)  +  3<r1's« 

60.  f/6a  sin  (*  -  yt)  -  $ce-™*  -  -^  -  «*/)* 

61.  (•Ky'xdx  given  j;2  +  ^2  =  a*. 

62.  If  y  -  u*  -  3«2  +  2^",  find  ^  and  fydu. 

63.  If  ^  =  «•  +  5,  ^d  ^and^. 

64.  If  -r  =  —  —  r'  fin(i  the  equation  connecting/  and  ». 

wZ'  z/*+ 

65.  If  j/  is  the  deflection  at  distance  x  from  the  fixed  end  of  a  uniform  beam  of 
ength  /,  fixed  at  one  end  and  loaded  with  a  weight  W  at  the  other  ;   then,  if  we 
neglect  the  weight  of  the  beam 

f  .  W 


E  and  I  are  constants  depending  on  the  material  and  shape  of  the  beam.    It  is  known 

dy 
that  the  deflection  y  and  slope  -p  are  zero  at  the  fixed  end  where  x  —  o.     Find  an 

expression  fory  in  terms  of  x. 

NOTE.  —  The  arbitrary  constants  of  integration  may  be  found  from  the  given 
conditions  at  the  fixed  end. 

66.  For  a  beam  carrying  a  uniformly  distributed  load  w  per  unit  length,  and 
fixed  at  one  end, 


Find  y  in  terms  of  x. 

67.  Find  the  equation  to  a  curve  whose  slope  at  any  point  is  equal  to  the  value  of 
x"1  for  that  point.     Verify  by  plotting  the  curve  from  the  equation  for  the  case  when 
the  curve  passes  through  the  point  (i,  2)  and  measuring  the  slope. 

Evaluate 

68.  fsec*  xdx.     (v.  Ex.  i,  §  115.)  69.  /cosec7  xdx.     (v.  Ex.  LXIV.  9.) 

70.  Jsinh  (ax  +  b)Jx,       Jcosh  (ax  +  b]dx. 

71.  The  slope  of  a  curve  is  given  by  -5-  =  2x  +  3,  and  it  passes  through  the  point 

x  =  i,  y  =  2.     Find  its  equation.     Plot  the  curve. 

72.  A  point  moves  along  a  straight  line  so  that  its  velocity  at  time  /  is  3  sin  2t. 
When  t  —  o  it  has  moved  one  foot.      Find  an  expression  for  the  distance  which  it  has 
moved  at  any  time  /. 


CHAPTER  XVII 
DEFINITE  INTEGRALS—  GRAPHIC  METHOD 

129.  An  Area  as  the  Limit  of  a  Sum. 

Let  AB  be  a  portion  of  a  curve  representing  y  as  a  function  of  x,  AM  and 

BN  the  extreme  ordinates,  and  let  OM  =  a,  ON  =  b. 

Then,  to  find  the  area  ABNM  by  the  mean  ordinate  method,  we  divide 

the  interval  MN  into  any  number 
of  parts  and  thus  divide  the  figure 
into  strips.  Although  it  is  not 
essential,  we  shall  take  the  strips 
as  being  of  equal  width.  Let  §x 
be  the  width  of  one  of  the  strips. 
Then  we  multiply  the^width  %x  of 
each  strip  by  the  ordinate  y  at  its 
mid-point,  and  thus  obtain  an  ap- 
proximation to  the  whole  area 
ABNM  as  the  sum  of  a  number  of 
terms  y$x  from  x  =  a  to  x  =  b. 
We  denote  this  sum  by  the  sym- 


B 


M 


FIG.  95. 


bol 


In  working  examples  on  the  graphic  method  of  finding  areas  we  found 
that  we  got  more  and  more  accurate  results  as  we  divided  MN  into  a  greater 
and  greater  number  of  intervals  5.*-,  and  consequently  diminished  the  size 
ofSx 

The  result  can  be  made  as  accurate  as  we  please  by  dividing  MN  up  with 
sufficient  fineness  into  equal  intervals  5jr. 

We  express  this  in  mathematical  language  by  saying  that  the  sum 
"Sfj/Sjc  approaches  a  definite  limiting  value  as  Sx  approaches  the  value  o. 
This  limiting  value  defines  the  true  area  of  the  figure  ABNM. 


130.  Definite  Integral  as  the  Limit  of  a  Sum. — We  use  the  symbol 

t  , 

ydx  to  denote  the  limit  of  the  sum  2  y*x  as  *x  approaches  the  value  o. 

If  we  have  given  a  series  of  corresponding  values  of  y  and  x  between 
x  =  a  and  x  =  £,  we  may  find  the  approximate  value  of  I  ydx  as  follows  : — 

Plot  a  curve  from  the  given  values  of  y  and  x.    Then  the  area  enclosed 
by  this  curve,  the  axis  of  xt  and  the  ordinates  at  *•  =  a  and  x  =  b  is  equal  to 

I  ydx,  and  may  be  found  approximately  by  any  of  the  practical  methods  for 

J  °  . 
finding  areas. 

n 

I  ydx  is  called  the  definite  integral  of  y  with  respect  to  x  between  the 

J   <* 

limits  a  and  b. 


I 
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The  connection  between  the  definite  integral  and  the  indefinite  integral 
already  treated,  will  be  shown  in  the  following  chapter. 

NOTE, — The  student  may  find  some  difficulty  in  understanding  the  reasoning  of 
these  two  paragraphs  ;  but  he  will  probably  find  the  difficulty  removed  in  the  follow- 
ing worked  examples.  In  reading  these  he  should  draw  all  figures  for  himself,  and 
verify  all  measurements  and  calculations. 

EXAMPLE  (I). — The  follovnng  are  corresponding  values  ofy  and  x.  Find  the  value 
offydx:- 


X 

i 

2 

2'7 

3-8 

47 

5-i 

5'7 

6 

y 

0 

1-87 

2-89 

3'2 

2-85 

2-23 

17 

i 

Plotting  the  given  values  of  x  and  y,  we  get  the  curve,  Fig.  96. 


^^ 

••••*"' 

"""^x, 

/ 

/ 

\ 

/ 

\ 

/ 

{ 

N 

N 

/ 

> 

A 

/ 

A 

)                    23466 
J 
Ifeflfc 

The  area  enclosed  by  this  curve,  the  axis  of  x,  and  the  limiting  ordinates  at  x  =  I 
and  x  =  6  is  found  to  be  1  1*3. 

We  have  shown  that   I  ydx  is  equal  to  this  area, 


EXAMPLE  (2).  —  The  following  are  corresponding  values  of  x  and  y.     Find  the  value 
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X 

2 

3 

3'5 

4'3 

5'3 

6-4 

8 

y 

0-77 

11 

1-26 

1-18 

0-8 

o'33 

O'l 

»y 

r86 

4-52 

4'99 

4-38 

2'O2 

0'34 

0-03 

fry 


Area-f  iryfdx 


3456 

FIG.  97. 


By  calculation  we  find  the  values  of  iry2  given  in  the  third  line. 

Plotting  Try2  and  x  we  get  the  curve  (Fig.  97). 

The  area  under  this  curve  is  found  by  Simpson's  rule  to  be  I3'85, 


/.    I    iry'dx  =  13-85 


EXAMPLES. — LXXIII. 


rti-a 

1.  The  following  are  corresponding  values  of  y  and  x.    Find  the  value  of  I      ydx 

J  1^2 


X 

I  '2 

1-6 

1-9 

2'5 

3'S 

4'2 

4'9 

5'9 

6-2 

y 

S'OO 

4-24 

3-80 

3  '34 

3-06 

3'M 

3  '34 

375 

3'9' 

i 
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X 

4 

6 

8 

10 

y 

64 

214 

508 

994 

no  n 

Find  the  values  of   I    ydx  and  I  ydx. 

J  4  J  « 


3. 


X 

\ 

3 

6 

8 

10 

y 

5 

29 

215 

509 

995 

Find  the  values  of  I  ydx,   I  ydx,    I  ydx,   I  ydx,   I    ydx. 
J  i          J  i          J  i          J  i          J  i 

Plot  a  curve  to  show  the  value  of  I  ydx  for  any  value  of  the  upper  limit  x  from 

X  =  I  tO  X  =  IO. 

The  following  are  corresponding  values  of  y  and  x  : — 


X 

2  "80 

3'57 

4'.3 

4'77 

». 

5-90 

y 

8-365 

9'445 

10-160 

10*920 

1  1  '520 

12-145 

Find  the  values  of  the  following  integrals  :  — 

[s*                                             f*i                                             rs-» 
4.    1     y^dx.                            5.          xydx.                            6.          xy*dx. 

J  2'8                                                              J  28                                                               J  2-8 

/-B»                                             rtv 
7.    i     yx*dx.                          8.    /      (i'2y*  +  2'^x  —  3)  ^r. 

./  2-8                                                              J  2-8 

131.  Work  done  by  a  Variable  Force. — We  know  that  if  a  constant 
force  F  moves  a  body  through  a  distance  s  in  its  own  direction  the  work 
done  is  equal  to  Fs. 

Consider  now  a  body,  such  as  the  piston  of  a  steam-engine,  which  is 
pushed  forwards  by  a  force  which  varies  gradually  throughout  the  stroke. 

As  the  force  is  not  the  same  in  two  successive  portions  of  the  stroke,  we 
cannot  now  find  the  work  done  by  multiplying  the  force  by  the  total  distance 
moved. 

If,  however,  we  suppose  the  force,  instead  of  changing  gradually,  to 
change  by  short  steps  ;  in  other  words,  if  we  divide  the  stroke  s  into  a 
number  of  small  portions  each  equal  to  5s,  and  suppose  the  force  during  each 
step  Ss  to  remain  constant  and  equal  to  its  actual  value  F  at  some  point  of 
that  step,  then  the  work  done  in  moving  through  any  step  Ss  is  FSs. 

We  obtain  an  approximation  to  the  value  of  the  work  done  in  the  whole 
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stroke  by  adding  together  the  values  of  F5j  for  all  the  steps  ;  i.e.  if  sl  and  s2 
are  the  distances  of  the  piston  from  some  fixed  point  on  the  line  of  its  motion 

at  the  beginning  and  end  of  the  stroke,  S,2  F$s  is  approximately  equal  to 

the  work  done  in  the  stroke  from  Jj  to  s2. 

As  in  finding  an  irregular  area,  we  get  a  more  and  more  accurate  result 
by  imagining  the  stroke  cut  up  into  smaller  and  smaller  steps,  and  we  may 
say  as  before  that  the  work  done  in  the  stroke  from  sl  to  J2,  when  the  force  F 

is  variable,  is  the  limit  which  S,z  F8j  approaches  as  Sj  approaches  the 
value  o. 

Now  we  have  used  the  symbol    I  *  Yds  to  denote  the  limit  of  the  sum 


the  work  done 


r. 

*=  /  2 
J  «i 


Yds 


We  may  find  the  value  of  this  integral  by  plotting  a  curve  in  which  the 
ordinate  and  abscissa  are  corresponding  values  of  F  and  s  from  s  =  st  to 

s  =•  sv    The  area  under  this  curve  then  gives  the  value  of  I  *  Yds,  which 

is  equal  to  the  work  done. 

This  is  the  principle  of  the  use  of  the  indicator  diagram  of  a  steam  or 
gas  engine  to  find  the  work  done  in  the  stroke  and  the  average  pressure. 
By  mechanical  means  the  engine  is  made  to  trace  automatically  the  curve 
showing  the  value  of  the  pressure  in  the  cylinder  at  different  parts  of  the 
stroke. 

From  the  area  of  this  diagram  the  work  done  during  the  stroke  can  be 
found. 

Similarly,  if  the  connection  between  the  force  F  and  the  time  /  is  given, 
FS/  is  the  impulse  or  gain  in  momentum  during  the  short  interval  of  time  5/, 

and  I  *  Ydt  is  the  total  gain  in  momentum  between  the  times  t±  and  /„. 

EXAMPLE  (l).—  P  is  the  resultant  pressure  on  the  piston  of  a  steam-engine  at  distance 
s  from  the  beginning  of  the  stroke.  Find  the  ivork  done  as  the  piston  moves  forwards 
through  the  stroke  0/20". 


t  inches 

o 

i 

4 

6 

8 

11-5 

15 

19 

20 

Fibs. 

38000 

38500 

38500 

35500 

27500 

19000 

15700 

IIOOO 

3850 

Work  done  =  A  /    Yds  ft.  Ibs. 
Jo 

Plotting  P  and  s  we  get  the  curve  BC  (Fig.  98). 
The  area  A  BCD  is  found  to  be  494600. 


and  the  work  done 


=  494600 

/•20 
I 

• 


-*/ 


=  41200  it.  Ibs. 
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B 
80,000 

1 

|  20,000 
10,000 

A 

c 

,•—  — 

•—•*>. 

\ 

\ 

V 

\ 

. 

X 

\ 

^^ 

"^ 

5                   10                  15                  2( 

&  (inches) 

FIG.  98. 


EXAMPLE  (2). — A  car  weighs  10  tons.     It  is  drawn  by  the  pull  P  Ibs.,  varying  in 
the  following  way,  t  being  the  time  in  seconds  from  starting. 


P 

t 

1020 

980 

882 

720 

702 

650 

7.3' 

722 

805 

0 

2 

5 

8 

10 

13 

16 

19 

22 

The  retarding  force  of  friction  is  constant,  and  equal  to  410  Ibs.     Find  the  speed  of 
the  car  at  the  time  22  seconds  from  rest. 

(Board  of  Education  Examination  in  Applied  Mechanics,  1002.) 


A  force  of  410  Ibs.  is  required  to  overcome  the  friction.     The  remaining  force 
P  —  410  is  available  for  getting  up  the  speed  of  the  car. 

pa 
The  total  impulse  or  gain  of  momentum  from  rest  is  equal  to   I     (P  — 

J  o 

Plotting  the  values  of  P  —  410  and  /,  we  get  the  curve  showr.  in  the  figure. 
Note  that,  although  we  require  the  whole  area  between  the  curve  and  the  axis  for 
which  P  —  410  =  o,  we  need  not  include  the  whole  of  this  area  in  the  figure.  In 
finding  the  area  we  may  reckon  the  whole  ordinates  from  the  axis  P  —  410  =  o, 
although  only  their  upper  portions  are  actually  shown  in  the  figure  ;  e.g.  at  the 
point  A  we  reckon  the  ordinate  in  calculating  the  area  to  be  472. 

pa 
The  value  of  J     (P  —  410)^  is  found  by  Simpson's  Rule  to  be  8100. 

J  o 
This  is  the  momentum  at  22  seconds  from  rest. 


Mass  of  car  = 


speed  = 


22400 
32-2 
momentum 


8100  X  32'2 

=  —       — - —  =  117  ft.  per  sec. 
22400 
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NOTE. — We  use  the  system  of  engineering  units  in  which  32*2  Ibs.  is  taken  as  the 
unit  of  mass. 


Varuea  of  (P-410),  (pounds) 

»  eo  *>  in  * 
oooo2 

0  O  0  O  °^ 

L 

\ 

\ 

1 

5A 

\ 

\ 

A 

\ 

^ 

or- 

-&• 

/ 

>• 

K 

/ 

/ 

^ 

10  15  20 

Values  qft  (seconds) 

FIG.  99. 


EXAMPLES.— LXXIV. 

1.  P  Ibs.  is  the  resultant  pressure  on  the  piston  of  an  engine  at  distance  j  from 
the  beginning  of  its  stroke. 

Find  the  work  done  as  s  increases  from  o  to  IO. 


P 

23000 

23000 

15500 

8400 

S5°o 

3700 

t 

0 

i  "4 

4 

6 

8 

IO 

2.  /  is  the  pressure  of  a  gas  at  volume  v.  The  work  done  in  expansion  from 
volume  vl  to  volume  vt  is  I  pdv.  Find  the  work  done  as  the  gas  expands  from 
volume  I  to  volume  9. 


/ 

2OO 

57 

22 

12-6 

7-2 

V 

0-8 

2 

4 

6 

9 
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3.  /  is  the  pressure  of  a  quantity  of  steam  at  volume  v. 
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p 

687 

3i'3 

198 

H-S 

"'5 

V 

2 

4 

6 

8 

10 

Find  the  work  done  as  the  steam  expands  from  volume  2  to  volume  10. 

4.  From  the  following  data  find  the  work  done  in  expansion  from  7olume  4  to 
volume  10. 


V 

4 

5 

6 

8 

10 

p 

717 

49-6 

38-S 

3^5 

287 

6.  A  force  moves  a  body  along  a  straight  line  in  its  own  direction.     F  is  the  value 
of  the  force  at  a  distance  t  from  the  starting-point. 

Find  the  work  done  in  moving  the  body  a  distance  of  I  '85  ft. 


Fibs. 

7 

90 

207 

290 

225 

180 

0 

jfeet 

o 

0-25 

0-5 

0-9 

ra 

i-5 

1-85 

6.  P  is  the  resultant  force  at  time  t  on  a  portion  of  a  machine  which  moves  along 
a  straight  line.  Its  weight  is  270  Ibs.  If  it  has  a  velocity  of  2  ft.  per  second  at 
time  t  =  o,  what  is  its  velocity  at  time  /  =  0-3  seconds. 


t  seconds 

0 

0-05 

O'l 

0-125 

0-15 

O'2O 

0-25 

0-3 

Plbs. 

0 

3°7 

428 

440 

425 

330 

175 

o 

7.  v  is  the  speed  of  a  car  at  time  /  from  rest. 


/  seconds    . 

0 

S 

10 

15 

20 

25 

30 

v  ft.  per  sec. 

0 

37 

7'5 

10-85 

'2'95 

13-7 

14 

Find  the  distance  s  travelled  from  rest  in  30  seconds 


Also  find  the  distance  travelled  from  rest  in  16*5  seconds. 
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8.  The  following  table  gives  the  acceleration  a  of  the  reciprocating  parts  of  a 
large  gas-engine  for  different  values  of  the  time  /.    The  velocity  gained  between  times 

ft, 
f,  and  /,  is   I    adt.     The  velocity  is  o  when   /  =  o.     Find   the  velocity   (l)   when 

•>*i 
t  =  0^087  seconds,  (2)  when  t  =  0*1333  seconds. 


/  seconds  . 

o 

0-0167 

0-0333 

0-0500 

0-0667 

0-0833 

O'lOOO 

0-1167 

0-1333 

a  ft.  per  sec. 
per  sec.  . 

453'2 

429-3 

362-1 

261-9 

143-8 

24-1 

-82-8 

-167-5 

—  226'6 

8.  The  shearing  force  across  a  beam  at  a  point  A  is  300  Ibs.     w  is  the  load  per 
foot  at  a  distance  x  feet  from  A.     The   shearing  force   at  a  distance  x  from  A  is 

obtained  by  subtracting   I   wdx  from  the  shearing  force  at  A.     Find  the  shearing 

J  o 
force  (i)  6-5  ft.  from  A,  (2)  3  ft.  from  A. 


X 

o 

I 

2 

3 

4'i 

4-6 

5'3 

5-8 

6-5 

w 

10 

IO 

"75 

17 

22  44 

23-2 

22 

19-1 

10-4 

10.  If  J  is  the  specific  heat  of  a  body  at  temperature  8°,  the  total  heat  given  to 

ft. 
unit  mass  of  the  body  in  raising  its  temperature  from  0,  to  6t  is  I     sJ$.     The  follow- 

J  0, 

ing  table  gives  the  specific  heat  of  water   at   temperature  6.     Find  the  total  heat 
required  to  raise  the  temperature  of  a  gram  of  water  from  o°  C.  to  20°  C. 


0°C. 

r. 

O 

1*00664 

2 

»  '00543 

4 

I  -00435 

6 

1-00331 

8 

I  -00233 

10 

I  '00149 

12 

I-OO078 

15 

rooooo 

1  6 

0-99983 

18 

0-99959 

20 

0-99947 

11.  Find  the  total  heat  required  to  raise  the  temperature  of  a  gram 
4°  to  31°.     The  values  of  s  up  to  20°  are  given  in  example  10.     I 


have — 


of  water  from 
Beyond  20°  we 
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22 
24 
25 
26 
28 


0*99955 
0-99983 
I-00005 


I'OO24I 


132.  Definite  Integral  of  a  Function. — Instead  of  having  corresponding 
values  of  y  and  x  given  in  a  tabulated  list,  we  may  have  j,  expressed  as  a 
function  of  x.  From  this  we  may  calculate  a  series  of  values  of  y  and 
proceed  as  before. 

In  general,  if  F(jr)  is  any  function  of  x  which  can  be  represented  by  a  curve 

/» 
F(^r)</4r  by  a  graphic 

method. 

EXAMPLE  (i). — Find  the  value  of  I  x*dx. 

Calculate  the  values  of  x3  for  a  number  of  values  of  x  between  2  and  3 


X 

2'O 

2'2 

2'4 

2-6 

2-8 

3-0 

** 

8-0 

10-65 

I3'82 

17-58 

21-95 

27-0 

From  these  values  plot  the  curve  y  =  x3  from  x  =  2  to  x  =  3. 
We  get  the  curve  AB. 


X9 

25 

20 
15 

10 

A 
6 

DO 

/ 

/ 

/ 

/ 

/ 

/ 

I/ 

/ 

/ 

/ 

7 

/ 

X 

/ 

2                                      2:5                                      3 

X 

FIG.  ioo. 
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The  value  of  /   x*dx  is  then  given  by  the  area  ABCD  enclosed  by  this  curve,  the 

J  3 

ordinates  at  its  extremities,  and  the  axis  of  x.     This  area  is  found  to  be  16-24. 

P 

.*.    I    x*dx  =  1 6' 24 

J  2 
f- 

EXAMPLE  (2). — Find  the  -value  of  \  2  sjn»  gje. 

J  o 

Calculate  the  values  of  sin*  6  for  a  number  of  values  of  0  between  o  and  -> 

2 

taking  6  in  radians. 


6  degrees  . 

o 

18 

36 

54 

72 

90 

9  radians  . 

o 

0-3142 

0-6283 

0-9425 

1-2566 

1-5708 

sin  0     .     . 

o 

0-3090 

0-5878 

0-8090 

0-9511 

i'6 

sin*  0    .     . 

o 

0-0955 

Q'345 

0-654 

0-904 

I'O 

Plotting  sin-0  an 
1-0 

075 

•i 

00 

"o1   0-5 
O25 
n 

d  0,  we  get  the  curve  shown. 

/ 

^ 

/ 

/ 

/ 

/ 

_^ 

/ 

0-314  0-628  0-942          V2S7 

Values  of  6. 

FIG.  101. 


1-571 


By  Simpson's  Rule  the  area  between  this  curve  and  the  axis  of  0  is  found  to 
be  0-785. 

r* 
1  sin*fc/0  =  0-785 

Note  that,  although  it  is  convenient  to  take  0  in  degrees  when  plotting  the  curve, 
we  measure  0  in  radians  when  finding  the  area. 
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EXAMPLE   (3).  — In  finding  the  perimeter  of  an   ellipse  of  major  axis   2   and 

eccentricity  0-5,  wt  require  to  fend  the  value  of  the  expression   I  *  ^i  —  0*25  sin*  tydfy. 

J  o 

To  find  the  value  of  this  integral  by  a  graphic  method. 

Plot  the  curve  y  =  *J\  —  0-25  sin*  <f>  between  the  limits  <f>  =  o  and  <f>  =  -  =  1-5708. 
Set  down  the  work  as  follows  : — 


<fi  radians. 

sin  <p. 

sin'  <f. 

0*35  sin*  8. 

I  -  0*25  sin*  0. 

V  I  —  0-25  sm'$>. 

O'O 

O'O 

O'O 

O'O 

I'O 

I'O 

0-5236 

0'5 

0-25 

0*0625 

0-9375 

0-068 

I-5708 

IX) 

ro 

0-25 

075 

0-866 

I-0472 

0-866 

075 

0-I875 

0-8r25 

0-9014 

07854 

0-7071 

0-5 

0'125 

0-875 

0-9353 

Q'3491 

0-342 

0-11696 

0-02924 

0-97076 

0-985 

1-2566 

0-951 

0-9044 

O-226I 

0-7739 

0-88 

0-1745 

0-1736 

0*0302 

0-00755 

0-99245 

0-996 

„    .  - 

Values  of 

FIG.  ioa. 


On  plotting  these  values  we  get  the  curve  shown. 

The  area  enclosed  by  this  curve,  the  line  y  =  o,  and  the  ordinates  for  which  f  =  o 

and  </>  =  1*5708  =  -  is  found  to  be  1-47. 


,«•  

.*.    /  V*  —  0-25  sin2  tf>  c/<f>  =  I  -47 

7  o 


EXAMPLE  (4). — A  gas  expands  so  as  to  follow  the  law  pv  =  C.  When  the  volume  is 
I  cub.  ft.  the  pressure  is  2116  Ibs.  per  square  foot.  Find  the  work  done  as  the  gas 
expands  to  fill  a  -volume  of  •$  cub.  ft. 
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We  know    that  the  work  done  in  expanding  from  volume  vl   to  volume  z>,  is 


I    peto. 

J'i 


We  have/&  —  C,  and  therefore/  =  -. 
To  find  C  we  have,  when  v  =  I,  /  =  2116. 

.*.  C  =  2116,  and/  = 
Calculating  values  of/,  we  get — 


2116 


V 

i 

1-25 

i'S 

2 

2'5              3 

p 

2116 

1690 

1411 

1058 

84              705 

Plotting  these  values  we  get  the  curve  shown. 

2OOO 
1800 

teoo 

^woo 
ci. 

1200 
1000 
800 

GOO 

B 
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\ 
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y 
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\ 

\ 

\ 

\ 

\ 

V 

\ 

x 

X 

X 

2                                         3 

u/cu./t; 

FIG.  103. 
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The  area  under  this  curve  is  found  to  be  2321. 

.*.  work  done  =   I  pdv  =  2321  ft.-lbs. 
J  i 
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EXAMPLES.— LXXV. 
Find  the  value  of  the  following  integrals  by  a  graphic  method  :- 


f  e^dx. 
Jo 


7     , 
7- 

10. 


.    I   aJ- 

/w 
2si 


2.    | 
6.   f, 

4 

dx 

3.    l-sin0d9. 
J  o 
f2 

[  +  **• 

•    1    v  4  ~  » 
Jo 

»./'-(.- 

J  o 
dx 

Ui 

.    I 

JoVi 

/  0-8727 
0 

:  —  x*' 

tjl  —  O'25  sin2  <f>d 

14.  A  quantity  of  steam  expands  so  as  to  follow  the  law  ^v""9  =  8000,  where  v  is 
the  volume  at  pressure  /.     Find  the  work  done  as  the  steam  expands  from  volume  I 
to  volume  10. 

15.  A  quantity  of  air  expands  so  as  to  follow  the  law  pvvtl  =  C.     p  =  21 160 
when  v  =  I.     Find  the  work  done  in  expansion  from  volume  2  to  volume  5. 

16.  In  a  paper  by  Lord  Kelvin,  on  motion  in  an  elastic  solid,  it  was  required 

to  find  the  value  of  |    (p  —  i)r*drt  when  the  following  values  were  given  : — 


r 

O'OO 

0'O2 

0-04 

o'o6 

0-08 

O'lO 

O'2O 

0*30 

o'4o 

0*50 

o'6o 

0*70 

0-80 

0*90 

I  '00 
I  '00 

P 

ion 

78-5 

64-4 

49-6 

39'5 

31-8 

n-8 

5-00 

2*46 

i  '34 

0-82 

o'S3 

0-38 

0-36 

Find  the  value  of  this  integral. 


133.  Variable  Limit  of  Integration. 

[* 
Consider  the  definite  integral    I  ydx,  where  the  lower  limit  a  is  fixed 

and  the  upper  limit  x  starts  from  the  value  a  and  gradually  increases. 
Let  AB  be  the  curve  representing^  as  a  function  of  x. 
Let  OM  =  a  and  ON  =  the  upper  limit  x. 

Then  I  yd*,  which  we  shall  denote  by  I,  is  equal  to  the  area  ABNM, 

and,  as  the  upper  limit  x  increases,  N  starts  at  M  and  moves  along  Ox 
through  the  positions  N,  N',  N",  while  B  moves  along  the  curve  AB.  At  the 
same  time  the  value  of  I  continually  increases  in  the  case  shown  in  the 
figure. 

Thus  for  every  value  ON  of  x  there  is  a  definite  value  of  I  equal  to  the 
area  ABNM,  and  I  is  a  function  of  x.  When  N  moves  to  N'  an  amount 
equal  to  BB'N'N  is  added  to  I,  and  so  on. 
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If  at  various  points  on  CXr  we  erect  ordinates  to  represent  on  some  con- 
venient scale  the  value  of  the  area  under  the  curve  AB  from  AM  to  the 


NT"      N1         N"      X 


FIG.  104. 

respective  points,  we  obtain  a  curve  representing  the  definite  integral  I  as  a 
function  of  x. 

In  the  figure  the  curve  MCC'C"  is  drawn  so  that  any  ordinate  N'C' 
represents  the  area  AB'N'M  between  AM  and  C'N'  on  some  convenient 
scale. 

This  curve  represents  I,  or  I  ydx  as  a  function  of  x. 

/* 
x*dx  as  a  function  of  x  from  x  —  2 
a 


to  x  =  6. 


=/: 


Let  I  =  |   x*dx 
a 


We  have  already  (example  i,  p.  249)  found  the  value  of  I  when  x  =  3.  We  must 
now  find  the  value  of  I  for  other  values  of  x  between  2  and  6,  and  plot  a  curve  in 
which  the  ordinates  shall  represent  the  values  of  I,  and  the  abscissas  the  corresponding 
values  of  x. 

First  draw  the  curve y  =  x*  from  x  =  2  to  x  =  6.  This  is  the  curve  AB  (Fig.  105). 
To  get  the  curve  CD  representing  I,  proceed  as  follows.  Divide  the  area  into  any 
number  of  strips  of  equal  width.  In  the  figure  we  have  taken  8  strips  each  of 
width  o'5. 

F 
When  x  =  2,  I  =  /   x*dx  =  o     .'.  C  is  on  the  required  curve 


When  x  =  2*5,  1=1     x*dx  =  area  ACFE 

J  a 

=  CF  x  (ordinate  of  curve  AE  at  point  x  =  2'25) 
=  0-5  x  1 1*4  =  57 

Set  off  FG  equal  to  S'7  on  the  scale  for  I.  Then  G  is  a  point  on  the  required 
curve. 

To  get  the  value  of  I  when  x  =  3,  add  the  area  of  the  next  strip  EFHK,  which 
is  O'5  X  20*8  =  IO'4.  This  gives  the  point  L  on  the  curve  CD.  Similarly,  successive 
points  on  the  curve  CD  are  obtained  by  adding  in  succession  the  areas  of  the  strips 
into  which  the  area  under  the  curve  AB  is  divided. 
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Finally,  the  ordinate  at  D  represents  the  whole  area  ABMC,  which  is  equal  to 

I    xtdx. 
2  The  scales  on  which  I  and  x  are  represented  need  not  be  the  same.     The  student 


600 


600 


400 


§300 

a 


200 


100 


D 
300 


100 


345 

Values  of  x 
FIG.  105. 


M 


should  form  an  estimate  of  the  greatest  value  of  I  that  will  be  required  before  choosing 
the  scale  on  which  I  is  to  be  represented. 

The  area  of  each  strip  is  equal  to  its  base  multiplied  by  its  mean  height,  and  may 
be  represented  by  that  height  if  a  suitable  scale  be  chosen  for  I.  Thns  the  addition 
of  the  areas  of  successive  strips  may  be  very  rapidly  performed  with  a  pair  of  dividers, 
by  marking  off  lengths  equal  to  the  mean  heights  of  the  successive  strips. 

In  the  above  example  the  width  of  each  strip  is  O'$,  and  its  area  is  therefore 
numerically  equal  to  one-half  its  mean  height.  We  choose  the  scale  of  I  so  that  the 
mean  height  may  represent  the  area,  i.e.  we  take  the  scale  for  I  equal  to  twice  the 
scale  for  x3.  Thus  the  curve  CD  maybe  rapidly  constructed  with  dividers.  The  area 
of  the  first  strip  AEFC  is  5*7,  and  5*7  on  the  scale  for  I  is  equal  to  the  ordinate  11*4 
at  the  mid  point  of  CF  on  the  scale  for  x3,  and  the  point  G  is  obtained  by  marking 
off,  on  the  ordinate  FE,  a  length  equal  to  the  ordinate  to  AB  at  the  mid  point  of  CF. 
Similarly,  L  is  obtained  by  adding  to  this  length  on  the  ordinate  HK  a  length  equal 
to  the  ordinate  to  AB  at  the  mid  point  of  FH,  and  so  on. 


EXAMPLE  (2). — A  car  weighs  IO  tons,  and  is  drawn  by  the  full  P  Ibs.,  varying  in 
the  following  way,  t  being  the  time  in  seconds  from  starting. 


256 


Practical  Mathematics 


p 

1020 

980 

882 

720 

702 

650 

713 

722 

805 

/ 

O 

2 

5 

8 

10 

13 

16 

19 

22 

The  retarding  force  of  friction  is  constant  and  <.qual  to  410  Its.     Plot  P  —  410  and 
the  time  /,  and  from  this  obtain  a  curve  showing  speed  and  time. 

(Board  of  Education  Examination  in  Applied  Mechanics,  1902.) 
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Values  of  t  (seconds) 


21  22 


Fio.  jo*. 


Definite  Integrals— Graphic  Method  25? 

We  have  already  seen  (p.  245)  that  the  momentum  of  the  car  when  t  =  22  seconds 
(P  —  4io)<#,  and  its  speed  when  t  =  22  seconds  is  equal  to   its  momentum 

72-2     P  P 

divided   by   its   mass  =  ^—       I     (P  -  4  io)r#  =  0*001437  I     (P  -  4lo)<#    feet    per 
22400  J  o  Jo 

second. 

In  the  same  way,  its  speed  at  any  time  t  seconds  from  starting  is 

0-001437   I    (P  —  4io)<# 

and  we  shall  first  plot  a  curve  showing  the  speed  as  a  function  of  /. 

The  curve  showing  P  —  410  and  t  has  already  been  plotted  (p.  246),  and  is  here 
reproduced. 

Divide  the  area  under  this  curve  into  strips  by  ordinates  drawn  as  in  the  figure. 
The  width  of  the  first  strip  is  1-5,  and  its  mean  height,  reckoned  from  the  axis 
P  —  410  =  o,  which  is  not  shown  in  the  figure,  is  595. 

if 

(P  -  4io)<#  =  1-5  X  595  =  892-5 
o 

and  the  speed  at  the  end  of  1-5  seconds  is  O'ooi437  X  892-5  =  1-29  ft.  per  second. 

Accordingly  we  plot  the  point  Q,  whose  ordinate  is  I  '29,  on  a  suitable  scale  to 
represent  the  speed  when  /  =  1*5.  Similarly  the  ordinate  at  R  which  represents  the 
speed  at  the  end  of  3  seconds  from  rest  is  obtained  by  adding  to  the  ordinate  of  Q  a 
length  equal  to  the  area  of  the  second  strip  multiplied  by  O'ooi437. 

Proceeding  thus  we  obtain  the  curve  QRST,  which  gives  the  speed  at  any  time, 
the  final  speed  being  u  7  ft.  per  second,  as  in  example  2,  p.  245. 


EXAMPLES.— LXXVL 

f* 

1.  Plot  a  curve  showing  the  value  of    I    x*dx  for  all  values  of  x  from  x  =  o 

J  o 
to  x  =  5. 

f 

2.  Plot  I    (2x  +  i)dx  for  all  values  of  x  from  x  =  i  to  x  =  10. 

J  i 

f* 

3.  Plot    I    (i  +  x*)dx  from  x  =  I  to  x  =  IO.      From  your  curve  read  off  the 

value  of  the  integral  when  x  =  4. 
ft 

4.  Plot    I    (3*2  +  2x  —  $)dx  from  x  —  o  to  x  —  6. 

J  o 
f»  -w 

5.  Plot    I    sin  Bde  from  6  =  o  to  6  =  -• 

J  o 
r*    , 

6.  Plot    I      r*  from  x  =  o'l  to  x  =  3. 

Jo- 1   x 
f*      dx 

1.  Plot    I      .          ,  from  x  =  o  to  x  =  0-9. 
J  oVi  -  *? 

8    Plot    |   ~Ti  where>  =  x*  +  2x  +  i,  from  *  =  i  to*  =  2. 

J  odx 

9.  The  following  table  gives  the  pull  P  at  the  drawbar  oF  an  electromotor  at  time 
t  seconds  from  starting  : — 

S 
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P  Ibs.  .  . 

1150 

HSo 

1320 

'350 

1040 

1300 

1150 

1370 

II2O 

750 

(  seconds  . 

0 

12'5 

25 

37'5 

43 

5° 

55 

62-5 

75 

83 

Deduct  300  Ibs.  for  friction,  air  resistance,  etc.,  which  are  taken  as  constant,  and 
plot  a  curve  to  show  the  value  of  P  —  300  for  any  value  of  /  from  o  to  83.  The  train 
weighs  21  tons.  Obtain  a  curve  to  show  the  speed  at  any  time  from  t  =  o  to 
/  =  83  sees. 

10.  P  is  the  resultant  pressure  on  the  piston  of  a  bull  engine  when  the  weight  has 
been  raised  to  a  height  h  feet.  The  work  done  in  raising  the  weight  to  the  height  h  is 


P</>4  ft.-lbs.     Plot  a  curve  to  show  the  work  done  in  raising  the  weight  to  any 
height  from  o  to  8  ft. 


/ifeet 

0 

0-5 

I 

1*5 

2 

3 

4 

5 

6 

7 

8 

Plbs. 

no 

no 

no 

IIO 

100 

73 

54 

44 

38 

34 

30 

11.  The  following  table  gives  the  drawbar  pull  exerted  by  an  electric  locomotive 
at  distance  J  from  rest  : — 


Plbs. 

93° 

1000 

930 

835 

1000 

1225 

1325 

1300 

1230 

1000 

800 

650 

/feet 

o 

15 

30 

45 

80 

IIO 

160 

180 

200 

227 

260 

300 

The  work  done  in  drawing  the  train  from  rest  to  a  distance  s 


is   I    IV.T. 
J  o 


Plot 


curve  to  show  the  work  done  for  any  value  of  s  from  o  to  300  ft. 

Examples  9  and  1 1  are  adapted  from  a  paper  by  P.  V.  MacMahon,  in  the 
Electrician  for  June,  1899,  p.  227,  where  the  student  will  find  additional  material  for 
examples.  The  data  refer  to  the  City  and  S.  London  Railway. 

12.  A  body  weighing  1610  Ibs.  is  lifted  vertically  by  a  rope,  there  being  a  damped 
spring  balance  to  indicate  the  pulling  force  F  Ibs.  of  the  rope.  When  the  body  had 
been  lifted  x  feet  from  its  position  of  rest,  the  pulling  force  was  recorded  automatically 
as  follows : — 


a 

o 

ii 

20 

34 

45 

55 

66 

76 

F 

4010 

39i5 

3763 

3532 

3366 

3208 

3100 

3007 

Draw  a  curve  showing  the  probable  value  of  the  velocity  v  feet  per  second  for  all 
values  of  x  up  to  80. 

NOTE. — The  resultant  upward  force  on  the  body  is  F  —  1610  Ibs.    The  work  don* 
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in  increasing  the  kinetic  energy  of  the  body  is  equal 


to  /  (F  - 

Jo 


i6io)</jr.     Since  the 


body  starts  from  rest  this  is  also  equal  to  the  kinetic  energy  Jwz/2,  where  m  is  the 

mass  of  the  body  =  — — ,     Thus  the  value  of  v  can  be  obtained  for  any  value  of  x. 

(Board  of  Education  Examination  in  Applied  Mechanics.) 

13.  The  following  table  gives  the  force  F  producing  the  acceleration  of  the 
reciprocating  parts  weighing  2080  Ibs.  of  a  400  H.P.  Crossley  gas-engine  at  intervals 
of  second. 


t  seconds 

0 

0-0167 

0-0333 

©'0500 

0*0667 

0-0833 

O'lOOO 

F  Ibs.  . 

29270 

27740 

23390 

16920 

9287 

1560 

-5349 

t  seconds 

0-1167 

0-1333 

0-1500 

0-1667 

0-1833 

O-20OO 

Fibs.    . 

—  10820 

—  14640 

—  16920 

—  j8o4O 

-  18480 

-  18580 

Construct  a  curve  to  show  the  velocity  at  any  time  from  /  =  o  to  t  =  Q'2  second. 
Given,  velocity  =  o  when  /  =  o. 

14.  The  following  table  gives  the  resultant  turning  moment  M  exerted  on  the 
crank  of  a  500  H.P.  Crossley  gas-engine  for  different  values  of  the  angle  0  through 

(* 

which  the  crank  turns.     It  can  be  shown  that  /    Mt/fl  varies  as  the  square  of  the 

J  o 

angular  velocity  to  for  any  value  of  9,  so  that  an  ordinate  equal  to  this  integral  will 
represent  to2  on  a  suitable  scale. 

Construct  a  curve  to  show  how  the  angular  velocity  w  varies  for  different  values 
of  0.  .  The  scale  for  u>  need  not  be  shown. 


0  degrees  . 

o 

H 

28 

46 

72 

IOO 

134 

i  So 

218 

243 

270 

302 

327 

350 

355 

360 

M  ft.  -Ibs.) 

per  sq.  in.  > 

-41 

34 

109 

129 

"5 

109 

59 

-41 

-91 

-107 

-91 

-41 

3i 

-41 

-43 

-41 

of  piston  J 

NOTE. — Since  the  scale  of  the  resulting  curve  is  not  determined,  8  may  be  taken  in 
degrees. 

Examples  13,  14  are  adapted  from  a  paper  by  Mr.  Humphrey  (Proceedings 
Institute  Mechanical  Engineers,  Jan.,  1901,  p.  67),  where  a  number  of  curves  are 
given. 


133A.  Tabulation  of  Definite  Integrals. 

When  the  values  of  the  dependent  variable  are  given  at  sufficiently  small 
intervals,  and  the  curve  is  not  too  irregular  in  shape,  we  can  tabulate  the 
values  of  the  definite  integrals  without  actually  plotting  the  curve.  If,  for 
example,  in  Fig.  106,  p.  256,  the  values  of  v  are  given  at  intervals  of  15  sees., 
then  the  mean  value  of  v  throughout  each  interval  is  approximately  the  mean 
of  its  values  at  the  beginning  and  end  of  that  interval,  and  this  may  be  found 
without  actually  plotting  the  curve.  Multiplying  this  mean  value  by  the 
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length  of  the  interval,  we  get   the  corresponding  portion  of  the  definite 
integral  fvdf,  that  is,  we  get  the  space  described  during  the  interval. 
The  work  may  be  arranged  as  in  the  following  example. 

EXAMPLE. — v  ft.  per  sec.  is  the  velocity  of  a  point  moving  in  a  straight  line  at  time 
t  sees.    Construct  a  table  to  show  the  distance  s  which  the  point  has  travelled  at  any  time. 


(0 
t 

l» 
V 

(3) 
2  X  mean  v 

(4) 
mean  v 

(5) 
Si 

(6) 
(mean  v)  X  Si  =  Ss 

(7) 
§,vdt  =  s 

0 

o'Q5 

O'lO 

0-15 

O'2O 
O-25 
0-30 

0'35 
0-40 

69-50 
66'94 

64-45 
62'OO 

59-61 

57-27 
54-97 
52-72 

50-51 

I36-4* 
I3»-39 
126-45 
12I'6l 

116-88 

112-24 
107-69 

103-23 

68-220 

65-695 
63-225 
60-805 
58440 
56-I20 
53-845 
5I-6I5 

0-05 

3-4IIO 
3-28475 
3-16125 
3-04025 
2*9220 
2-8060 
2*69225 
2-58075 

O 
3-4I10 

6-69575 
9-85700 
12-89725 
15-81925 
18*62525 
2I-3I750 
23-89825 

The  numbers  in  column  (3)  are  obtained  by  adding  together  in  pairs  the  numbers 
in  column  (2). 

The  numbers  in  column  (4)  are  obtained  by  dividing  the  numbers  in  column  (3) 
by  2. 

The  numbers  in  column  (6)  are  obtained  by  multiplying  the  numbers  in  columns 
(4)  and  (5). 

The  numbers  in  column  (7)  are  the  sums  of  the  numbers  down  to  the  corresponding 
points  in  column  (6). 

E  X  AM  PLES. — LX  X  V  lA. 

1.  A  force  moves  a  body  along  a  straight  line  in  its  own  direction.  P  Ibs.  is  the 
value  of  the  force  at  a  distance  j  ft.  from  some  fixed  point  on  the  line.  Find  the  work 
done  in  moving  the  body  from  s  =  10  to  s  =  13. 


s 

10 

10-5 

ii 

.-•5 

12 

-5 

•3 

P 

20-085 

33-II5 

54-54S 

8I-45I 

,,,•5, 

I34-29 

I48-4I3 

Ans.  254-60  ft. -Ibs. 

2.  The  following  values  ofj  and  x  being  given,' tabulate  8 A  for  each  interval 
where  8 A  is  the  area  in  the  interval  between  two  ordinates.  A  =  o  when  x  =  3. 
Tabulate  the  values  of  A  from  x  —  3  to  x  =  13. 


X 

3 

4 

5 

6 

7 

8 

9 

10 

ii 

12 

13 

175 

10-45 

19-08 

27-56 

35-85 

43^4 

5''5<> 

58-78 

65-61 

71-93 

7771 

(A  =  424-32  when  x  =  13.) 


(Board  of  Education  Examination.) 
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3.  a  is  the  acceleration  at  time  /  of  a  point  moving  along  a  straight  line 
Tabulate  the  values  of  the  velocity  at  different  times  from  lo'l  sees,  to  II  sees. 
The  point  starts  from  rest  when  /  =  lO'l  sees. 


a  f.  s.  s- 

70-96 

71-12 

71-29 

71-45 

7I-6l 

7178 

71-94 

72-11 

72-28 

72-44 

/  sec. 

io-i 

IO'2 

I0'3 

I0'4 

I0'5 

io-6 

10-7 

10-8 

10-9 

II'O 

(v  =  64-528  f.  s.  when  t-  =  n). 

134.  Construction  of  Curves  from  a  given  Law  of  Slope. 

With  the  same  notation  as  before  (§  133),  let  x  increase  by  a  small  amount 
S:r,  so  that  N  moves  through  a  short  distance  NN'. 

Then  I  is  increased  by  the  area  BB'N'N,  which  is  equal  to  NN'  multiplied 
by  a  value  ST  of_y  between  NB  and  N'B'. 

/.<?.  SI  =  ST  x  S-r 
51 


tl\  Y 

To  find  -j-  we  must  find 
dx 

81 
the  limiting  value  of  •=—  as  ox 

approaches  the  value  o. 

In  this  case  N'  moves 
back  to  N  and  B'  to  B,  and 
thus  ST,  which  must  always 
lie  between  NB  and  N'B', 
moves  back  to  and  ultimately 
coincides  with  NB. 

-  ^       '"3=7  .   ,     (i)   0 


. 
dx 


M  NTNr 

FIG.  107. 
Now  the  ordinate  of  the  curve  MCC'  is  equal  to  the  value  of  I,  and 

therefore  -=-  measures  the  slope  of  the  curve  MCC'. 
dx 

Thus  equation  (i)  states  that  the  slope  of  the  curve  MCC'  is  equal  to  the 
ordinate  of  the  curve  AB,  and  we  have  shown  how  to  construct  the  curve 
MCC'  when  its  law  of  slope  is  given  by  the  ordinate  of  the  curve  AB. 

For  example,  in  example  i,  p.  254,  we  showed  how  to  draw  the  curve  CD, 

f*  d\ 

representing  /  x*dx,  when  its  law  of  slope  —  =  or3  was  given  by  the  curve  AB. 

In  example  2,  p.  257,  we  showed  how  to  draw  a  curve,  representing 
(P  -  4ioX/,  when  its  slope  P  —  410  at  any  point  was  given  on  a  suitable 
scale  by  the  curve  A. 

EXAMPLE  (i). —  The  following  table  gives  the  value  of  the  slope  -~  of  a  certain  curve 
for  different  values  of  x : — 


* 

11 

1-9 

2-7 

4 

5'2 

6 

dy 

dx 

o'SS 

1*1 

I  '4 

0-82 

0-4 

0-65 

Construct  the  curve  between  x  —  rz  and  x  =  6,  having  given  that  y  =  2   when 

X  =  I'2. 

There  are  evidently  an  infinite  number  of  curves  having  the  given  law  of  slope,  for 
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if  one  be  constructed  it  may  be  supposed  moved  in  a  direction  parallel  to  the  axis  of 
y  without  changing  its  shape,  and  thus  we  may  obtain  as  many  more  curves  as  we 
please,  all  having  the  same  law  of  slope.  We  require  to  choose  that  particular  curve 
in  which  y  =  2,  when  x  —  \'2. 


1-5 


VO 


0-5 


\ 


FIG.  108. 


dy 


First  construct  the  curve  A,  Fig.  108,  whose  ordinates  represent  values  of  -j-  given 

in  the  table. 

From  this  obtain,  by  the  method  of  p.  253,  the  curve  B,  whose  ordinate  for  any 
value  of  x  is  equal  to  the  area  under  the  curve  A  from  x  =  i  '2  to  that  value  of  x. 

fx  dv 
This  gives  the  value  of  /      -£dx  which,  as  has  been  shown  above,  is  equal  to 


the  value  of  y  in  the  required  curve  if  measured  from  a  suitable  point.     We  then 
adjust  the  scale  for_y  so  that^/  =  2  when  x  =  I  '2,  and  B  is  the  required  curve. 

EXAMPLE  (2)  — In  example  2,  /.  256,  we  obtained  a  curve  giving  the  value  of  thi 
speed  v  of  a  car  at  any  time  between  o  and  22  seconds  from  starting.  To  construct  a 
curve  to  show  the  distance  s  moved  by  the  car  from  rest  at  any  time  between  o  and 
22  seconds. 

We  know  that  »  =  -r  and  therefore  the  velocity  curve  already  obtained  represents 
the  slope  at  any  value  of  /  of  the  required  curve  representing  s, 

We  therefore  obtain  the  /  curve  from  the  v  curve  by  plotting  the  values  of  I   vdt 

.  J  ° 
in  the  same  way  as  the  velocity  curve  was  obtained  from  the  curve  A  representing  the 

force,  and  therefore  also  the  acceleration.     The  initial  value  of  s  is  evidently  rero. 
The  resulting  curve  VW  is  given  in  Fig.  106. 
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EXAMPLE.— LXXVII. 

1.  The  following  table  gives  the  slope  of  a  certain  curve  for  various  values  of  jr. 
It  is  known  that  y  =  3*5  when  x  =  2.  Construct  the  curve  between  x  =  2  and 
x  =  8*5.  From  your  curve  read  off  the  values  of  y  when  x  =  5  and  when  x  =  8. 


Value  of  x    . 

2 

2'3 

2-6 

3 

3-6 

4'3 

S 

Slope  of  curve 

O 

0-48 

0-78 

1-025 

i-ij 

0-97 

0-44 

Value  of  x    . 

5  "44 

5-90 

6'3 

6-9 

7'5 

8-1 

8-5 

Slope  of  curve 

o 

-0-47 

-0-80 

-o'93 

-0-8 

-0-4 

o 

2.  Let  y  =  x*.     Plot  the  curve  y  =  **  on  a  large  scale  from  x  =  o  to  x  =  3. 
Plot  also  y  =  2x  from  x  =  o  to  x  =  3.     Then,  since  -j  x*  =  2x,  the  ordinate  of  the 

second  curve  measures  the  slope  of  the  first  for  any  value  of  x.  Measure  the  area 
between  the  second  curve  and  the  axis  of  x  from  x  =  o  to  x  =  3,  and  verify  that  it  is 
equal  to  the  ordinate  of  the  first  curve  at  x  =  3. 

3.  A  curve  is  such  that  its  slope  at  any  point  is  equal  to  twice  the  abscissa  at  that  point. 
Construct  the  curve.     It  is  given  that  the  curve  passes  through  the  point  (l,  2). 

4.  The  slope  of  a  curve  at  any  point  is  equal  to  2x  —  i,  where  x  is  the  abscissa  of 
that  point.     Construct  the  curve,  having  given  that  ^/  =  8  when  x  =  3. 

6.  Construct  a  curve  in  which  the  relation  between^  and  x  is  such  that  the  equation 


is  satisfied  at  every  point  of  the  curve.     It  is  given  that  y  =  o  when  *•  =  o. 

6.  The  following  table  gives  the  speed  v  in  feet  per  second  of  a  train  in  the  City 
and  South  London  Electric  Railway  at  time  /  seconds  from  starting.  Plot  a  curve  to 
show  the  speed  at  any  instant  from  t  =  o  to  /  =  174  seconds. 

If  j  is  the  distance  moved  in  /  seconds  we  know  that  v  =  -r,  and  therefore  the 

at 

ordinate  of  the  speed  curve  gives  the  slope  of  the  distance  curve  for  any  value  bf  /. 
Hence  construct  a  curve  to  show  the  distance  j  travelled  at  any  time  /  from  /  =  o  to 
/  =  174  seconds. 


/  seconds 

o 

25 

30 

40 

BO 

70 

75 

v  ft.  per  sec. 

o 

12-45 

14-65 

18-31 

i9'35 

20-96 

20'22 

/  seconds 

90 

105 

125 

145 

160 

174 

v  ft.  per  sec. 

18-90 

17-87 

19-42 

20-51 

16-1 

o 

7.  From  the  data  given  in  example  7,  p.  247,  construct  a  curve  to  show  the 
distance  travelled  by  the  car  from  rest  at  /  =  o  to  any  time  from  o  to  30  sees.  From 
your  curve  read  off  the  distance  travelled  in  16-5  sees. 


264 


Practical  Mathematics 


8.  In  the  following  table  v  is  the  velocity  of  the  projectile  in  the  bore  of  a  gun  at 
time  /  seconds  from  the  beginning  of  the  explosion  : — 


t  seconds  . 

o  "00490 

0-00598 

0*00695 

0*00785 

0*00871 

0*00953 

0*01032 

0*01109 

0*01184 

z/ft.  per  sec. 

869 

987 

1074 

1142 

"95 

1242 

1277 

1309 

»335 

Plot  a  curve  to  show  the  distance  J  described  by  the  shot  for  all  values  of/  from 
0*00490  to  0*01184,  having  given  that  j  =  2  ft.  when  /  =  0*00490. 

9.  a  is  the  acceleration  of  an  electric  tramcar  at  time  t  from  starting. 


a  ft.  per  sec.  per  sec. 

2*4 

3-25 

3-52 

3'4S 

3*21 

2*63 

1*70 

1*12 

0*64 

0*27 

o 

/  seconds  .... 

0 

i 

2 

3 

4 

S 

6 

7 

8 

9 

10 

Find  its  velocity  (a)  after  3  sees,  from  starting,  (<£)  after  7  sees,  from  starting, 
(c)  after  10  sees,  from  starting.  Construct  a  curve  to  show  the  velocity  at  any  time 
from  t  =  o  to  /  =  10  sees. 

10.  From  the  curve  of  velocities  obtained  in  example  9,  find  the  distance  travelled 
by  the  car  (a)  in  3  sees.,  (6)  in  7  sees.,  (c)  in  10  sees,  from  starting.    Construct  a  curve 
to  show  the  distance  travelled  from  starting  at  any  time  from  /  =  o  to  t  =  10  sees. 

11.  P  is  the  pull  in  pounds  exerted  by  an  electric  locomotive  at  time  /  seconds 
from  starting.     Take  the  traetive  resistance  as  constant  and  equal  to  881  Ibs.     Then 
the  acceleration  is  proportional  to  P  —  881,  and  it  is  found  that  the  acceleration  is 
I  -46  ft.  per  second  per  second  when  P  =  5750  Ibs.    Plot  curves  to  show  (a)  the  accelera- 
tion, (b)  the  velocity,  (c)  the  distance  passed  over,  at  any  time  from  o  to  130  seconds. 


P 

7125 

6100 

5690 

5625 

565° 

5725 

575° 

88  1  constant 

o 

/ 

o 

2 

5 

8 

10 

M 

16 

1  6  to  114 

114  to  130 

(Adapted  from  P.  V.  MacMahon,  Electrician,  June  16,  1899.) 

12.  P  is  the  pressure  on  the  base  of  the  projectile  of  a  gun  at  time  /  seconds  from 
the  beginning  of  the  explosion. 


Time  of  travel,  seconds. 


0*00143 
0*00273 
0*00360 
0*00490 
0*00598 
0*00695 
0*00785 
0*00871 
0*00953 
0*01032 
0*01109 
0*01184 


P  tons. 


2OOO*O 
2221*3 
3320*5 
2060*6 

I394-I 

1095*0 

908*8 

746*4 

668*3 
592*8 

499'4 
421*9 

355-6 
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The  weight  of  the  projectile  is  78  Ibs. 

Assuming  that  the  sides  of  bore  and  the  air  in  front  exert  no  retarding  force  on 

P.Q 

the  projectile,  the  acceleration  is  obtained  by  dividing  P  in  Ibs.  by  the  mass  — — 

Plot  curves  to  show  the  acceleration,  velocity  and  distance  travelled  at  any  instant 
throughout  the  period  considered. 

It  will  be  found  that  the  given  values  do  not  lie  exactly  on  a  regular  curve  when 
plotted.  A  more  reliable  result  will  be  obtained  by  drawing  a  smooth  curve,  lying 
as  evenly  as  possible  among  the  plotted  points  than  by  making  the  curve  pass  exactly 
through  the  points  plotted  from  the  given  data. 

13.  The  following  table  gives  the  acceleration  a  of  the  reciprocating  parts  of  a 
500  H.P.  Crossley  gas-engine  for  different  values  of  the  time  /.  Construct  a  curve  to 
show  the  velocity  at  any  time  from  /  =  o  to  /  =  0*48,  given  that  the  velocity  is  zero 
when  /  =  6. 


/  seconds    .... 

o 

0-02 

o'O4 

o'o6 

0-08 

O'lO 

0'12 

a  ft.  per  sec.  per  sec. 

2587 

245-4 

2077 

151-4 

8475 

1678 

-44-60 

/  seconds    .... 

0-48 

0*46 

0-44 

0-42 

0-40 

0-38 

0-36 

/  seconds    .... 

0*14 

0*16 

0-18 

O'20 

O-22 

0-24 

a  ft.  per  sec.  per  sec. 

-94'<>3 

-  129-3 

-  i5!'4 

-  163-1 

-  l68'I 

-  169-5 

/  seconds    .... 

0-34 

0-32 

0-30 

0-28 

O'26 

0-24 

From  /  =  0-24  to  /  =  0*48,  a  passes  back  through  the  same  values  as  from  t  =  o  to 
/  =  0-24. 

14.   I,  is  the  magnetic  induction  through  a  coil  of  an  induction  motor  at  time  t. 

</I, 
The  values  of  -37  are  observed  and  given  in  the  following  table.     Construct  a  curve 

to  show  the  induction  I,  for  all  values  of  t  throughout  the  period  considered.     Take 
T!  =  o  when  /  =  O, 


/sees. 

0 

0-05 

O'lO 

0-15 

O'2O 

0-25 

0-30 

o-35 

0-40 

o-45 

0*50 

Jt  vo^s 

1-286 

»'233 

0-949 

>774 

0-556 

0-108 

0-026 

-0-429 

-0-864 

-1-049 

-1-286 

15.  The  following  table  gives  particulars  of  another  test  of  the  same  motor  as  in 
the  last  example.  Construct  a  curve  to  show  the  induction  I,  for  all  values  of  t  as 
before,  taking  Ij  =  O  woen  t  =  o. 
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/  sees. 

0 

0*05 

O'lO 

0-15 

O'2O 

0,5 

o**?o 

o'3S 

o.4o 

0-45 

0-50 

frlf 

—  volts 

dt 

2-44 

-34 

r88 

-5. 

1-05 

0-25 

—  o"  t*O 

-  1-28 

-1-63 

—  2'OI 

-a-44 

16.  A  horizontal  bar,  n  ins.  long,  is  fixed  at  one  end,  and  is  loaded  in  such  a 
way  that  the  weight  w  per  unit  length  at  various  points  is  given  by  the  following  table. 
x  is  the  distance  from  the  free  end. 


x  inches  . 

o 

4 

8 

10 

II 

w  Ibs.  per  in. 

4 

5-2 

8'3 

I2'2 

20 

Plot  a  curve  to  show  the  value  of  w  at  any  point.  Note  that  the  load  varies 
continuously.  The  expression  "  weight  per  unit  length  "  does  not  imply  that  the 
load  is  uniform  for  a  unit  length  of  the  bar  at  any  place. 

It  is  known  that  w  —  -7-,  where  j  is  the  shearing  force  at  distance  x  from  the  free 

end,  also  j  =  o  at  the  free  end. 

Construct  a  curve  to  show  the  value  of  3  at  any  point.  What  is  the  shearing  force 
at  the  fixed  end  ? 

17.  In  the  last  example,  if  M  is  the  bending  moment,  then  j  =  —r-  at  distance  x 

from  the  free  end.     Construct  a  curve  to  show  the  bending  moment  at  any  point. 
M  =  o  at  the  free  end. 

18.  A  beam  10  ft.  long  is  loaded  in  the  manner  given  in  the  following  table,     w 
and  x  have  the  same  meanings  as  in  examples  16,  17.     Plot  curves  to  show  (l)  the 
load  per  unit  length,  (2)  the  shearing  force,  (3)  the  bending  moment  at  any  point. 
What  is  the  shearing  force  at  the  fixed  end  ? 


X 

0 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

w 

2 

2'5 

37 

S'S 

77 

97 

1  1  '2 

I2'2 

i  r8 

IO'2 

7'2 

19;  A  horizontal  bar  10  ins.  long  is  fixed  at  one  end.  The  other  end  carries  a 
weight  of  looo  Ibs.  The  bar  is  also  uniformly  loaded  with  200  Ibs.  per  inch  through- 
out its  length.  Plot  a  curve  to  show  the  shearing  force  at  any  point. 

Note  that  i  =  1000  when  x  =  o.     What  is  the  shearing  force  at  the  fixed  end  ? 

20.  Plot  a  curve  to  show  the  bending  moment  at  any  point  of  the  bar.     M  =  o 
at  x  =  o.     What  is  the  bending  moment  at  the  fixed  end  ? 

21.  Let_y  inches  be  the  downward  displacement  of  a  point  on  the  bar  at  a  distance 
x  inches  from  the  free  end.     Then  it  is  known  that  at  any  point  the  slope  of  the  bar 

M 


where  M  is  the  bending  moment,  E  and  I  are  constants  depending   on  the  material 
and  shape  of  the  bar,  and  C  is  the  slope  of  the  beam  where  x  —  o. 

In  this  case,  for  a  wrought-iron  bar  of  rectangular  section  3  ins.  wide  by  4  ins. 

deep,  E  =  25  X  10",  I  =  16,  and  -j-  =  o  at  the  fixed  end  where  x  =  IO. 
Construct  a  curve  having  as  its  ordinate  the  slope  of  the  bar  at  any  point. 
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NOTE. — It  is  not  necessary  to  know  C.     Construct  the  curve  as  though  C  were 

dv 
zero,  and  afterwards  move  the  scale  for  -^-  so  that  the  slope  is  shown  as  o  at  the 

fixed  end  where  x  =  10. 

22.  Construct  a  curve  to  show  the  displacement  y  of  each  point  in  the  bar.  The 
curve  obtained  in  example  21  gives  the  law  of  slope  of  the  required  curve,  and  the 
required  curve  can  therefore  be  constructed. 

NOTE. — The  displacement  is  evidently  o  at  the  fixed  end,  and  the  scale  for  y  must 
therefore  be  moved  so  as  to  .give  this  value.  What  is  the  displacement  at  the 
free  end  ? 


CHAPTER  XVIII 
DEFINITE  INTEGRALS 


135.  Connection  between  Definite  and  Indefinite  Integrals. 
We  have  now  shown  that  if  I  is  the  definite  integral  I  ydx 


dx 

But  the  indefinite  integral  {ydx  has  been  denned  as  that  function  of  x. 
whose  differential  coefficient  is  equal  to  y. 

:.  the  definite  integral  /  ydx,  as  defined  in  the  last  chapter,  is  identical 

with  the  indefinite  integral  §ydx  as  defined  in  Chapter  XVI. 

It  is  to  be  remembered,  however,  that  the  indefinite  integral  may  have 
an  added  arbitrary  constant. 

The  exact  connection  between  these  two  ways  of  defining  an  integral  will 
be  made  clearer  by  the  following  examples  :  — 

EXAMPLE.  —  Suppose  it  is  given  that,  for  a  certain  curve  between  x  =  a  and  x  —  bt 

dv 

£-  =  43?  —  2x,  and  that  y  =  o  when  x  =  a. 

dx 

To  find  the  curve  we  may  proceed  in  two  ways. 

I.  We  may  plot  the  curve  AB,  whose  ordinate  is  equal  to  4^  —  2x  for  every 
value  of  x  between  a  and  b.     This  gives  the  law  of  slope  of  the  required  curve,  which 
may  now  be  obtained  by  plotting  areas,  as  in  the  examples  of  the  last  chapter. 

f*  dy        (* 

The  ordinate  y  of  the  curve  so  obtained  is  equal  to  |    ~r  dx  —  \    (^x2  —  2x)dx, 

/b 
(qx2  —  2x)dx. 
» 

In  the  figure  we  have  taken  a  =  2,  b  =  8,  and  CD  is  the  curve  obtained  by  this 
method. 

dy 

II.  But  when  -£-  is  given  by  the  expression  4**  —  zx,  y  may  be  obtained  from 

this  by  indefinite  integration,  as  in  Chapter  XVI. 
.'.  for  the  required  curve 


=    ( 


=  **>  -  x*  +  C 


where  C  is  some  constant. 

We  must  choose  C  so  that.y  =  o  when  x  =  a. 
Substituting,  we  have  o  =  £as  —  a-  +  C 

.-.  C  =  -  (|«z»  -  a>) 

.  for  any  value  of* 

a*) 
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In  particular  when  x  =  b 

y  =   (JJ»  _  f)  -  (jfll  _  a') 

We  have  thus  obtained  an  expression  for  the  ordinate  of  the  required  curve  for  any 
value  of  x  between  x  =  a  and  x  =  6,  and  the  curve  may  be  plotted  directly  from  this 
expression.  We  find  by  substitution  that  in  the  case  taken  above,  where  a  =  2, 
b  =  8,  the  values  of  y  obtained  from  this  equation  are  equal  to  the  corresponding 
ordinates  of  the  curve  CD  in  the  figure  ; 

e.g.  taking  x  =  5,  y  =  (±5*  -  5*)  -  (£2*  -  22)  =  1357 


800 


250 


150 


100 


60 


/ 


456 

Values  of  x. 

FIG.  109. 


D 

600 


500 
B 


400  Sk 


300^ 


20O 


too 


Thus  we  have  found  two  different  expressions  for  the  ordinate  of  CD — one  a  definite 
integral,  defined  as  in  the  last  chapter,  and  the  other  an  indefinite  integral. 
.".  equating  these  two  expressions,  we  get 


a") 


In  the  special  case  where  x  =  b,  we  get 


=  {value  of  indefinite  integral  (&xf  —  x*)  when  x  is  put  equal  to  b  after  integration} 
—  (value  of  indefinite  integral  when  x  is  put  equal  to  a  after  integration}. 
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136.  Evaluation  of  a  Definite  Integral. 

The  same  reasoning  evidently  holds  good  when  -£  is  given  equal  to  any 

function  F(x)  of  x  of  which  the  indefinite  integral  is  known. 
If/far)  is  the  indefinite  integral  of  F(;r),  we  have  in  general 


The  right-hand  side  of  this  equation  is  written  |/(.r)T 

This  gives  a  method  of  calculating  the  value  of  the  definite  integral  of  any 
function  when  the  indefinite  integral  is  known. 


To  calculate  the  value  of 

First  find  the  indefinite  integral  fydx.  Find  the  value  of  this 
when  x  is  equal  to  the  upper  limit  6,  and  from  the  result  subtract  its 
value  when  x  is  equal  to  the  lower  limit  a. 

EXAMPLE  (i). — 


The  value  of  this  integral  as  found  by  the  graphic  method,  p.  249,  was  16*24. 
EXAMPLE  (2).  — 

i(«10  -  «•)  =  10810 


f 


EXAMPLE  (3).  —  Find  the  area  between  the  curve  y  =  sin  x  and  the  axis  of  x  from 
x  =  o  to  x  =  l  '5708  radian  =  90°.  Also  find  the  mean  value  of  sin  x  between  o  and 
one  right  angle. 

We  have 

f\  T  H* 

area  =  I    sin  x  dx  =    —  cos  x  a 

Jo  J, 

=  (  —  cos-  1  —  (—  coso)  =  o+  I  =  I 

The  curve  y  =  sin  x  is  shown  in  Fig.  58. 

The  student  should  verify  the  above  result,  that  the  area  between  o  and  —  is  I,  by 

actual  measurement. 

The  mean  value  of  sin  x  is  the  height  of  a  rectangle  on  the  same  base,  having  an 
area  equal  to  that  between  the  portion  of  the  curve  considered  and  the  axis  of  x. 

If  h  is  the  mean  value,  we  have 

h  x  I  '5708  =  area  =  I 
.*.  h  =  0-637 


EXAMPLE  (4) — To  find  I  pdv  having  given  that  pv  =  2116. 

y  i 

/  pdv  =   I    -  '• — dv  =     21 16  \og,v 


=  2116  (log.3  -  log.T) 

=  21  ib  x  2-3026  x  0-4.771  =  2321 
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On  page  253  we  obtained  the  value  2321  by  the  graphic  method. 
EXAMPLE  (5).— 


/«• 
f 


-  $  tt«  20~|  ' 

=  I  —  i  «'«  «•  =  J  =  07854 
The  value  of  this  integral  found  by  the  graphic  method  was  0*785,  p.  250. 

EXAMPLE  (6).  —  Calculate  the  area  enclosed  by  the  curve  y  =  ajc",  the  ordinate  at 
—  b  and  the  portion  of  the  axis  of  x  betwetn  the  origin  and  the  point  x  =  b. 


Area 


axndx 


=  l"ydx  =   f 

J  o  Jo 

_  r<u*+1  ~]6      a^"*1 

=  L«+  ljo=  «  +  I 


EXAMPLES.— LXXVIII. 
Evaluate  the  following  definite  integrals  : — 


!.  /  W, 

2.    f  ^rVjc.              3.    f  xdx. 

4.    I    dx. 

6.  JV. 

6.    I    ,Jxdx.            7.    /   2^dx. 

JO                                          J  3 

8.    /    (jr3  —  2x2  +  3)</« 

72 

"'  0' 

L0-/!^     11-  //^. 

rio 
12.    1     x*\ix. 
J» 

/•4-8 

i  <*     1      xf>'Kdx. 

AO.      1 

y  26 

/•9-S 

14.    I      x~l'yidx. 

J  23 

15.    /  e*dx. 

J  o 

f* 

16.  /_«., 

/•-0-3 

17.              rt£r. 

J  -1-3 

18.    (W 

7o 

19.    I*  e**dx. 

r8  1 
•o.  1^. 

21.    r^rWo:. 

rt 
22.     I    <f*V.*. 
Jo 

23.    1   e^'dx.            24.    1   ^. 

25.  rie-**d*. 

J  0 

f-1 

26.         i21^. 
Jo 

^2 

gy      I    tf^^^dx. 
J  \ 

28.    /83^ 
Ji^' 

29<  /I^ 

30.    1          sin  JT</JT. 

7° 

ra-0944 
31.   1         cos  xdx. 

J  1-6708 

n-4137 

32.    1         sin  xdx. 

J  0-8109 

/  47124 
cos  xdx. 
2-1817 

/  0-5236 
cos  xdx. 
0 

/•078S4 

85.    I         sm  xdx. 
J  o 

f? 

36.    1    cos  $xdx. 

J  o 

37.    1    cos  %xdx. 

5 

/"? 
38.        sin  J^/JT. 

7o 

(* 

39.    1    cos  ^xdx. 
j  o 

/•T 

40.    Psin  (2x  —  i)dx. 
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/*  f*  f* 

* 2  sin  (2x  -t-  i)dx.        42.    I  '  2  sin  (l  —  $x)dx.         43.    1 7sin  2fc/0. 
o  rf  o  y  o 

A)  6238  ri-8369  /  /   \ 

44.    I         sin(o'50  +  o-i74S)(/0.  45.    J         cos!  1-3614 -I//. 

J  0-3143  7  0 1920         V  / 

1  ,.     !i7T 

46.    psin  (2*/t  +  g)dt.  47.    /'•    /,        w, 

/        sin  (^*  —  ^)" '• 
Jo  ^  ? 

f  8  f6  p 

48.    I    ™dx  49.    I    ^?</z/.  50.    /  I5FW 

7   1  •*  7  3    V  J  2    V 

•f3    dx  f*     dx  f0 

•     I     X^~l~  52'      I     Z*T1*  /        (I  ~  X^dX' 

64.    r^-_.  55.    r.-^-..  66.    rf-2. 

J    1 


1  v 


57.    f  .r«%br.  58.       ~F4 


69.  Plot  the  straight  line/  =  %x  +  I  from  *  =  o  to  x  =  4.  Verify. by  integration 
that  the  area  of  the  figure  formed  by  this  straight  line,  the  axes  of  x  and  y,  and  the 
ordinate  at  x  =  4,  is  equal  to  the  length  of  the  base  multiplied  by  the  arithmetic  mean 
of  the  lengths  of  the  two  parallel  sides. 

60.  Find  the  area  enclosed  by  the  curve  y  =  3**,  the  axis  of  x,  and  the  ordinate 
at  x  =  5.     What  is  the  mean  value  of  y  ? 

61.  Find  the  area  enclosed  by  the  curve  y  =  2*/x  from  x  =  o  to  x  =  i,  the  axis 
of  x,  and  the  ordinate  at  x  =  i.     Verify  by  plotting  and  approximate  measurement 
of  the  area. 

62.  Find  the  area  between  the  curve  y  =  $x  —  4  —  x3  and  the  axis  of  x  from 
x  =  i  to  x  =  4.     Plot  on  a  large  scale,  and  verify  by  measurement. 

63.  Find  the  area  between  the  curve  y  =  x2  —  $x  +  2  and  the  axis  of  x  from 
x  =  I  to  x  =  2.    Verify  by  plotting  and  measurement.    Note  the  geometrical  meaning 
of  a  negative  value  of  the  definite  integral. 

64.  Find  the  area  between  the  curve  y  =  &r  —  x*  from  x  =  o  to  x  =  2,  and  the 
axis  of  x.     Verify  by  plotting  and  measurement. 

65.  Find  the  area  between  the  curve  y  =  sin  2x  and  the  axis  of  x  from  x  =  o  to 

it 
x  —  - 

2' 

66.  We  know  that  /  ~~xdx  =  log<x.     This  gives  a  graphic  method  of  calculating 
logarithms.     Plot  on  a  large  scale  the  curve  y  =  -,  and  from  this  construct  by  the 

graphic  method  the  curve  y  =  I  -dx.     Verify  by   trial  at  various  points  that  the 

7  i* 


ordinate  of  this  curve  is  equal  to  loge^r  =  2^303  Iogi0*. 

67.  Find  the  area  between  the  curve  y  =  2e**  and  the  axis  of  x  from  *  =  o  to 

X  =  2. 

68.  Find  the  area  between  the  curve  y  =  —..and  the  axis  of  x  from  x  =  i  to  x  =  2. 

69.  Find  the  area  between  the  curve  y  —  sin  4*  and  the  axis  of  x  from  x  —  o  to 
*,=  o'5236  radians. 

70.  A  quantity  of  gas  expands  so  as  to  satisfy  the  law  pv  =  C.     Find  the  work 
done  in  expansion  from  v  =  I  cub.  ft.  to  v  =  10  cub.  ft.     Given  p  =  700  Ibs.  per 
square  foot  when  v  =  I  cub.  ft. 

71.  A  quantity  of  steam  expands  so  as  to  satisfy  the  law  pv1"13  =  C.     Find  the 
work  done  in  expansion  from  v  =  3  to  v  —  10.     Given  P  =  8000  Ibs.  per  square  fioot 
when  v  —  I  cub.  ft. 
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72.  Find  the  work  done  in  the  expansion  of  a  quantity  of  steam  from  2  cub.  ft.  at 
4000  Ibs.  per  square  foot  pressure  to  8  cub.  ft.     The  steam  expands  so  as  to  satisfy  the 
law  /t>°'9  =  C. 

73.  A  point  starts  from  rest  and  moves  along  a  straight  line  so  that  its  velocity 
v  feet  per  second  is  always  numerically  equal  to  one-third  of  the  time  in  seconds  which 
it  has  taken  since  starting.     How  far  will  it  move  in  4  sees,  from  rest  ? 

74.  A  body  of  mass  10  units  moves  in  a  straight  line  so  that  the  force  acting  on 
it  at  time  /  is 

F  =  -  3/1  +  2t  +  i 

The  acceleration  is  obtained  by  dividing  the  force  by  the  mass.  Find  an  expression 
for  its  velocity  v  at  any  time,  having  given  that  v  =  o  when  t  =  o.  Calculate  the 
velocity  when  /  =  0*5  and  when  t  =  i. 

75.  Plot  a  curve  to  show  the  acceleration  of  the  body  in  example  74  at  any  time 
from  /  =  o  to  /  =  i,  and  from  this  obtain  by  the  graphic  method  the  curve  showing 
the  velocity  at  any  time.    Compare  with  the  calculated  velocities  for  t  =  O'5  and  /  =  I, 
and  estimate  the  percentage  error  of  your  results  obtained  by  the  graphic  method. 

76.  The  shearing  force  S  at  any  distance  x  from  the  free  end  of  the  bar  in 
example  19,  p.  266,  is  given  by  the  formula 

S  =  200*  +  looo 

Obtain  an  expression  for  the  bending  moment  in  terms  of  x,  and  apply  it  to  calculate 
the  bending  moment  at  the  fixed  end.  Compare  with  the  result  obtained  by  the 
graphic  method. 

77.  Obtain  an  expression  for  the  slope  of  the  bar  in  example  21,  p.  266,  at  any 
point. 

dy 

78.  From  the  expression  for  -j-  obtained  in  the  last  example,  find  an  expression 

for  the  displacement  y  at  any  point  of  the  beam.  Given  y  =  o  when  x  =  10. 
Calculate  the  value  of  y  when  x  =  o,  and  compare  with  the  results  obtained  by  the 
graphic  method. 

79. — If  <f>,  =  log,  —  --  +  -~  —  0*695,  nn<^  formulae  for 

(f<b 
(-fiat  and 

80.    Prove  that  the  area  of  a  sector  of  a  circle  is  %r"0.     Take  polar  co-ordinates 
and  divide  into  elementary  triangles. 


137.  Simpson's  Rule.— We  may  now  prove  Simpson's  rule  for  finding 
an  area. 

Let/!, y%,  ys  be  three  successive  equidistant 
ordinates  drawn  to  a  curve  and  meeting  it  in 
A,  B,  and  C.  Let  h  be  the  distance  between  two 
successive  ordinates. 

Take  the  foot  of  the  middle  ordinate  as  origin, 
and  assume,  as  on  p.  140,  that  the  portion  ABC 
of  the  curve  can  be  represented  with  sufficient 
accuracy  by  the  equation 


y  =  a  +  bx  +  ex* 


FIG.  1 10.  where  a,  b,  and  c  are  constants  to  be  determined. 

To  find  the  constants  we  have  the  condition 
that  the  curve  passes  through  the  three  known  points  A,  B,  and  C. 
At  A,  x  =  -  h,y  =jflt 

.'.  substituting,/,  =  a  -  bh  +  ch* (i) 
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At  B,  x  =  0,7  =72, 

•'•  72  =  «  .........       (2) 

AtC,  jr  =  Ji,y=  73, 

•'•  7s  =  «  +  ^  +  <^2  ........     (3) 

Adding  (i)  and  (3)  we  get 

yl  +  7,  =  2£  4-  2<r/*2  =  272 


Now  the  area  enclosed  by  the  curve  ABC,  the  ordinates  7,  and  7,,  and 
the  axis  of  x  is 


/+»  /•+» 

X*  =1      (<* 
-h  J  -» 


=  ^(7i  +  7S  +  472) (4) 

This  is  Simpson's  rule  for  the  case  when  there  are  3  ordinates. 

We  get  the  form  of  Simpson's  rule  for  any  odd  number  of  ordinates  by 
making  use  of  the  result  (4)  to  find  the  area  between  the  ist  and  3rd 
ordinates,  the  3rd  and  5th,  the  5th  and  7th,  and  so  on,  and  then  adding  the 
results. 

For  example,  if  there  are  1 1  ordinates,  the  result  (4)  gives 

Area  =^  +  4/2 +7s +73  +  4/4 +7e +76  +  476+77+77+4V8 +79 +79  +  47io +7iJ 

=  "{/I   +  7ll   +   2(73   +  75  +77+79)  +  4(72    +74+76+78   +7lo)} 

In  the  same  way  Simpson's  rule  evidently  follows  for  any  odd  number  of 
ordinates. 

Since  we  take  the  spaces  between  the  ordinates  two  at  a  time  in  obtaining 
this  rule,  it  is  evident  that  it  does  not  apply  unless  there  is  an  even  number 
of  spaces,  and  therefore  an  odd  number  of  ordinates. 

In  finding  the  area  of  a  figure,  such  as  the  section  of  a  ship  (Fig.  80), 
we  may  increase  the  accuracy  of  our  result  by  inserting  intermediate 
ordinates  where  the  curve  is  steepest.  We  may,  for  example,  divide  the  area 
to  be  considered,  in  the  first  instance,  into  six  spaces  by  seven  equidistant 
ordinates,  and  then  insert  intermediate  ordinates  in  the  middle  of  the  spaces 
at  the  two  ends,  as  in  the  values  given  in  the  example,  p.  165.  We  must 

substitute  -  for  h  in  the  corresponding  parts  of  the  expression  for  the  area. 
We  get 

^ 
Area  =  "(ift  +  274  +  i/3  +7a  +  474  +7s  +75  +  47e  +7T  +  i/7  +  2/s  +  *7s} 

=  jiiKi  +  2/2  +  X57s  +  474  +  275  +47e+  lift  +  27s  +  iX9} 

In  the  same  way  we  may  insert  intermediate  ordinates  at  any  part  of 
curve,  provided  the  total  number  of  ordinates  is  odd. 
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MEAN  VALUES  BY  INTEGRATION 


138.  IN  Chapter  IX.  we  have  shown  how  to  find  the  mean  value  of  one 

variable  with  respect  to  another. 

Y  If  we  plot  a  curve  A B,  Fig.  ill, 

representing  the  variable  y  as  a 
function  of  .r,  then  the  mean  value 
of  y  with  respect  to  x  is  the  height 
of  a  rectangle  standing  on  the  base 
MN  of  the  same  area  as  the  area 
ABNM  between  the  curve  and  the 
axis  of  x. 

But  the  area  enclosed  by  the 
curve  AB,  the  axis  of  x,  and  the 
ordi  nates  at  x  =  a  and  x  =  b  is 

f* 

equal  to    I    ydx,  and  the  base  MN 

is  equal  to  b  —  a. 

.'.    the   mean   value  of  y 
between  x  =  a  and  x  =  b  is 


FIG.  in. 


2. 

FlC.    113. 


M 


b-  a 

Thus,  if  we  know  and  can 
integrate  the  expression  for  y 
in  terms  of  x,  the  mean  value 
ofy  can  be  calculated. 


EXAMPLE  (r).  —  Find  the  mean 
value  of  3  V  '  x  from  x  =  o  to  x  =  4. 

In  the  figure,  OP  is  the  curve 
y  =  3v*  '  x  from  #  =  O  to  x  =  4. 

The   area   OPM  =   I 
J  o 


mean    value    of 


V"     (height  of  a  rectangle  of  area  16 
an<J  base  4)  =  4. 
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EXAMPLE  (2). — Find  the  mean  value  of  sin  x. 

Here  the  curve  is  of  a  regular  wave  form,  so  that  if  we  consider  a  complete  period 
there  is  as  much  of  the  area  positive  as  negative,  and  the  mean  value  over  a  complete 
period  is  zero. 

We  may  get  the  mean  numerical  value  of  sin  x  by  considering  half  a  period  from 
x  =  o  to  x  =  T  radians. 

ft 

Area  =   I     sin  xdx  =  2 


base  =  w 
2 
/.  mean  value  =  —  =  0-637 

This  was  obtained  by  the  graphic  method  in  example  10,  p.  167. 

EXAMPLE  (3). — Find  the  average  pressure  in  example  12,  /.  167,  by  integration. 

loo 
We  have/?  =  100         ."./  =  — 


I  he  average  pressure  = 


I         ill? 

-  =  12-5   I 

J*   v 

=   I2'5  (log,  10  -  log,  2) 

=  12-5  (log,  5)  =  20-11 


EXAMPLE  (4). — In  a  simple  periodic  motion  the  distance  s  from  a  fixed  point  on  the 
path  at  time  t  is  given  by  the  equation  s  =  a  sin  nt.     Find  the  mean  values  of  the 

velocity  and  acceleration  from  t  =  O  to  t  =  — . 

We  .have  velocity  =  -r  =  an  cos  nt 


an  cos  nt  dt 
.*.  mean  velocity  = 


=  —  \a  sin  nt\*» 

t  L  Jo 


acceleration  =  -5-5  =  —  a«*  sin  nt 
at 


[—  an*  sin  tit)dt 
.*.  mean  acceleration  =' 


This  is  the  time  average  of  the  acceleration  ;  to  find  the  space  average  of  the 
acceleration  we  have 

Acceleration  =  —  an*  sin  nt  =  —  n*s 

Also  as  /  increases  from  o  to   r  ,  s  increases  from  o  to  a. 

2ft 
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I    -  n*s .  dt 
J  o 


/.  mean  acceleration  = 


=  half  the  value  of  the  acceleration  when  s  has  its  maximum 
value  a. 

139.  Root  Mean  Square  Values. — In  taking  measurements  of  alter- 
nating electric  currents  and  electro-motive  forces,  instruments  are  used  of 
which  the  readings  depend  upon  the  "  Root  Mean  Square  "  of  the  value  of 
the  current  or  electro-motive  force. 

If  i  is  the  current  regarded  as  a  function  of  the  time  /,  the  root  mean 
square  value  of  /  is  the  square  root  of  the  mean  value  of  z2  taken  over  one 
period  or  any  exact  multiple  of  one  period. 

The  abbreviation  R.M.S.  is  often  used  for  root  mean  square. 

EXAMPLE. — Find  the  R.M.S.  value  of  the  current  i  —  100  sin  240  irt,  where  i  amps, 
is  the  current  at  time  t  seconds. 

i  goes  through  a  complete  period  when  2ifrat  increases  by  211-,  i.e.  when  I2o/ 
increases  by  i,  and  .'.  /  increases  by  -fa  second. 
.".  mean  value  of ;'  for  one  period 
j, 

120  loo2  sin2 
o 


120 

=  120  X  I04  X  \  |       (I  —  cos 

Jo 


=  6  x  ios  x  ,4^  =  \  x  loo* 
.'.  R.M.S.  value  =  J\  X  ioo2  =  ^? 

V2- 
Note  that  this  is  equal  to  the  maximum  value  of  the  current  divided  by  V2- 

Similarly  it  can  be  shown  in  general  that  the  R.M.S.  value  of  A  sin//  is— 7^. 

v  2 

EXAMPLES.  — LX  XI X. 
Find  the  mean  values  of  the  following  : — 

I.  x1  between  x  =  o  and  x  =  2.  2.  x?  between  x  =»  o  and  x  =  3. 
3.  x~z  between  x  —  i  and  x  =  2.  4.  x*  between  x  =  o  and  x  =  2. 

5.  f  between  x  =  —  i  and  x  =  o.  6.  e**  between  x  =  —  J  and  x  =  +  ^. 

7.  e*x  between  x  =  —  3  and  x  =  +  3.          8.  e**  between  x  =  o  and  x  =  \. 

9.  A  sin  x  between  x  =  o  and  x  =  -• 

2 

10.  If  a  body  falls  vertically  from  rest,  its  velocity  v  at  the  end  of  /  seconds  is 
given  by  the  equation  v  =  32 '2t.     Find  the  average  velocity  (a)  for  the  first  second, 
(b)  for  the  first  six  seconds  of  its  motion. 

II.  Find  the  mean  value  of  sin  //  from  /  =  o  to  /  =  - 

P 

12.  Find  the  mean  value  of  cos  //  from  /  =  o  to  /  =  -. 
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Find  the  mean  values  of  the  following  expressions  in  which  p  and  q  are  whole 
numbers  : — 

13.  (A  sin//)(V  sin//)  from  /  =  o  to  /  =  2ir. 

14.  (A  sin//)(V  sin  qt}  from  /  =  o  to  /  =  2ir. 

15.  (A  cos//)(cos  qt)  from  t  =  O  to  /  =  2ir. 

16.  v  cub.  ft.  is  the  volume  of  a  quantity  of  gas  at  pressure  /  Ibs.  per  square  inch. 
If  the  gas  expands  so  as  to  follow  the  law  fv  —  100,  find  the  average  pressure  between 
volumes  I  cub.  ft.  and  3  cub.  ft. 

17.  A  quantity  of  steam  expands  so  as  to  follow  the  law  /z/°'8  =  200,  /  being 
measured  in  Ibs.  to  the  square  inch.     Find  the  average  pressure  between  volumes 
2  and  4. 

18.  A  quantity  of  steam  expands  so  as  to  follow  the  law  /z>''13  =  40x30  p  being 
measured  in  Ibs.  to  the  square  foot.     Find  the  mean  pressure  from  v  —  \  to  v  =  10. 

19.  A  spring  oscillates  so  that  the  force  F  Ibs.  which  it  exerts  on  a  weight  at  the 
end  of  time  t  seconds  is  given  by  the  equation  F  =  2  sin  3/.     Find  the  mean  value  of 

the  force  from  /  =  o  to  /  =  - . 
3 

20.  A  particle  moves  along  the  axis  of  x  so  that  the  force  upon  it  at  a  distance  x 
from  the  origin  is  equal  to  ox  where  a  is  a  constant.    Find  the  mean  value  of  the  force 
as  x  increases  from  o  to  j. 

21.  The  electric  current  C   in  a  conductor  at  time  t  is  given  by  the  equation 
C  =  4  sin   2<x>t.      Find  the   mean  value  of  C  throughout  the  following  intervals 
of  time : — 

(1)  /  =    o  to  t  =  0*031416  sees.  =  — . 

(2)  /  =  2-5  to  t  =  2-531416  sees. 

(3)  t=    o  to /  =  0-015708  sees.  =  — . 

200 

22.  The  voltage  V  at  time  /  in  an  alternating  current  circuit  is  equal  to  roo  sin 
300  /.     The  current  is  equal  to  2  sin  (300^  —  o)  amps.     The  power  in  watts  is  the 
mean  value  of  the  product  of  the  current  and  the  voltage.     Find  the  power  (i)  when 
0  =  0,  (2)  when  a  —  45°  =  07854  radian,  (3)  when  a  =  90°  =  I'57o8  radian. 

23.  Prove  that  if  C  =  C0  sin  qt  and  V  =  V,  sin  (qt  —  a)  then  the  mean  value  of 
CV  =  |  C,V0  cos  a. 

Find  the  R.M.S.  values  of  the  following  : — 

24.  2sin3/.  25.  5cos2/.  26.  3sin(2/+i), 
27.  sin pt.                          28.  cos//.  29.  A  sin  (// +  a). 

30.  An  alternating  E.M.F.  of  e  volts  is  given  by  the  equation  e  —  100  sin  iooo/, 
where  /  is  the  time  in  seconds.     Find  the  R.M.S.  value  of  e,  and  verify  by  the  graphic 
method. 

jy 

31.  If  »  =  ~  +  a  sin  at,  where  E,  R,  a,  and  q  are  constants,  find  the  R.M.S. 

K. 

value  of  i. 

32.  Find  the  R.M.S.  value  of  A  sin  //  +  B  sin  qt.     A,  B,  /,  and  q  are  cohstants. 

33.  Find  the  R.M.S.  value  of  A  sin  (//  +  a)  +  B  sin  (qt  +  ft).     A,  B,  p,  q,  a  and 
B  are  constants. 

139a.  Resolution  of  Compound  Periodic  Oscillations  into  their 
Simple  Components. — We  have  seen  in  §  76  that  when  a  number  of  simple 
periodic  oscillations  of  the  form/  =  sin  6,y  =  sin  20, y  =  sin  30,  etc.  .  ,  . 
y  =  cos  0,  y  =  cos  20,  y  —  cos  30,  etc.,  are  compounded  together,  we  get  a 
compound  periodic  oscillation  whose  period  is  the  least  common  measure  of 
the  periods  of  the  simple  components. 

It  is  frequently  necessary  to  find  the  simple  components  when  the 
compound  periodic  oscillation  is  known. 

Consider  a  case  where  there  is  no  harmonic  higher  than  the  second. 

Let  the  given  compound  oscillation  be — 

y  =  A0  +  Aj  cos  0  +  A2  cos  20  +  A3  cos  30 

+  B!  sin  0  +  B2  sin  20  +  B3  sin  30    .     .     .     .     (i) 
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We  require  to  find  the  values  of  the  constants  A0,  Aj  .  .  .  B,  .  .  .  which 
are  the  amplitudes  of  the  simple  components. 
Integrate  both  sides  of  equation  (i). 

(**  P*  [?TT 

I    yde  =  A0  I  o  do  +  A]  I     cos  ede  +  .  .  .  . 

J    0  J  J 

All  the  terms  on  the  right-hand  side,  except  the  first,  vanish. 

[IK 
We  have  27rA0  =  I     yd9. 

J° 

I     PT 

An  =  —  I     ydO  =  mean  value  of  y. 

2ir  J  o 

To  find  Aj  multiply  both  sides  of  equation  (i)  by  cos  0  and  integrate. 
/  *y  cos  Ode  =  A0  /  ^cos  ede  +  Aj  I  ^cos  Z6d0  +  A2  j  """cos  0  cos  20de  +  .  .  . 

Jo  Jo  Jo  Jo 

+  BI  /  cos  6  sin  Ode  +  B2  \     cos  0  sin  20dO  +  .  .  .  (2) 

/  Jo 

Now 

PIT  /"Sir 

I     cos  Ode  =  o,    I     cos/0  cos  £>0rtfo  =  o,  where  p  and  ^  are  unequal  whole 
J  °  J  ° 

numbers.      (Ex.  LXXIX.  15.) 

/  ^  cos  0  sin  ede  =  ^   \     sin  2fr#  =  o 

y  »  "  j  o 

[%TT  [ZlT 

I  o   cos  pe  sin  qOde  =  i  I      {sin  (^  +/)e  +  sin  (^  -  p}6}d6  =  o,  where  /.  and 

q  are  unequal  whole  numbers. 

PIT  [-*  ft* 

I     cos2  pede  =  A       {cos  -zfie  +  i}de  =  *  =  I     sin2/^,  where/  is  a  whole 

Jo  J°  Jo 

number.     (Ex.  §  139.) 

Thus  every  term  on  the  left-hand  side  of  equation  (2)  vanishes  except 
the  second. 

/•27T  J     pTT 

.'.    \     y  cos  Ode  =  vAlt  and  A,  =  -  I     y  cos  Ode 

=  2  (mean  value  oiy  cos  0). 
To  find  A2  multiply  equation  (i)  by  cos  28  and  integrate 


PIT  (1*  [*TT  /"2ir 

/     y  cos  20JO  =  A0  I      cos2&/0  +  Aj|      cos  20  cos  Ode  +A2  I      cos2  26dO  + 

/"2ir  /"2ir 

A3  I     cos  20  cos  30^/0  +  Bj  I     cos  20  sin  0^0  +..    . 

=  Aoir,  the  remaining  integrals  vanishing  as  before. 

i  fin 
/.  A2  =  -  I     y  cos  2QdO  =  2(mean  value  of_y  cos  20). 

7T    /   0 

i  PV 
Similarly    A3  =  -  I     _y  cos  30^0  =  2(mean  value  of  y  cos  30) 

i  I"2* 
Ba  =  -  I     _y  sin  0^/0  =  2(mean  value  oiy  sin  0) 
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B 


=  -  I     y  si 

I      f^ 

=  -  I 

7T  J  Q 


sin  2.6d6  =  2(mean  value  of  y  sin  20). 


y  sin  tydQ  =  2(mean  value  ofj  sin  30). 


The  method  can  evidently  be  extended  to  the  case  when  there  are  any 
number  of  harmonics. 

and 


An  =  -  I     y  cos  node  =  2(mean  value  of/  cos  «0). 
=  -  I     X  sin  «ft/0  =  2(mean  value  of  y  sin  7*0). 

'Jo 


B 


If  the  compound  periodic  oscillation  is  given  by  means  of  a  curve,  the 
coefficients  A0  Al  .  .  .  Bj  .  .  .  may  be  determined  graphically  by  the 
methods  of  §  132. 

The  above  method  of  investigation  was  discovered  by  Fourier,  after  whom 
the  coefficients  are  sometimes  named. 

A  convenient  method  of  setting  down,  and  carrying  out  the  calculations 
is  shown  in  the  following  example. 

The  following  table  gives  the  -valve  displacement  y  for  a  Stephenson  link 
motion  used  in  the  Great  Eastern  Railway,  for  different  -values  of  the  crank 
angle  6.*  The  complete  oscillation  is  divided  into  twelve  equal  parts,  and 
the  displacement  measured  at  the  middle  of  each  part  :  — 


No.  of 
ordinate. 

y 

6' 

COS0 

sin  0 

COS  20 

sin  20 

COS  30 

sin  36 

I 

8-52 

15 

cos  15° 

sin  15° 

cos  30° 

sin  30° 

cos  45° 

sin  45° 

2 

9'5° 

45 

cos  45° 

sin  45° 

0 

I 

-cos  45° 

sin  45° 

3 

9-3o 

75 

cos  75° 

sin  75° 

—  cos  30° 

sin  30° 

-cos  45° 

—  sin  45° 

4 

8-05 

'05 

—  cos  75° 

sin  75° 

—  cos  30° 

-sin  30° 

cos  45° 

—  sin  45° 

5 

578 

'35 

-  cos  45° 

sin  45° 

o 

—  i 

cos  45° 

sin  45° 

6 

3'43 

165 

—  cos  15° 

sin  15° 

cos  30° 

-sin  30° 

-cos  45° 

sin  45° 

7 

1-40 

195 

-cos  15° 

—  sin  15° 

cos  30° 

sin  30° 

—  cos  45° 

—sin  45° 

8 

O'2O 

225 

—  cos  45° 

-sin  45° 

o 

I 

cos  45° 

—  sin  45° 

9 

O'lO 

255 

-cos  75° 

-sin  7  5° 

—  cos  30° 

sin  30° 

cos  45° 

sin  45° 

10 

1-38 

285 

+cos  75° 

-sin  75° 

—  cos  30° 

-  sin  30° 

-cos  45° 

sin  45° 

ir 

3-90 

3i5 

+cos  45° 

-sin  45° 

o 

„  * 

-cos  45° 

—  sin  45° 

12 

6-41 

345 

+cos  15° 

—  sin  15° 

cos  30° 

—  sin  30° 

cos  45° 

-sin  45° 

10 


FIG.  H2A. — Values  of  0. 


12 


FIG.  USB. — Values  of  20. 


*   Vide  Professor  Dalhy's  "  Valves  and  Valve  Gear  Mechanisms  "  for  data  of  many 
similar  cases. 
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FIG.  use. — Values  of  39. 

We  have 

I     /"2w 

AQ  =  —  I     ydo  —  mean  value  of_y  =  4*83. 

2™    /   o 
I     /"27T 

Aj  =  -  I     y  cos  6d&  =  2  (mean  value  of  y  cos  6) 

=  £  [{(0  -  (6)  -  (7)  +  (12)}  cos  15°  +  {(2)  -  (5)  -  (8)  +  (ii)}  cos  45° 
+  {(3)  ~  (4)  ~  (9)  +  (10)}  cos  75°],  where  the  numbers  in  brackets 
(  )  are  the  numbers  of  the  ordinates. 

=  J  [io'i  cos  15°  +  7*42  cos  45°  +  2-53  cos  75°]  =  2*61. 

I      /"27T 

Bj  =  -  I     y  sin  9dQ  =  z(mean  value  my  sin  6). 

Tf    J     Q 

=  H{(i)  +  (6)-(7)-(i2)}  sin  15°  +  {(2) +  (5) -(8)  -  (11)}  sin  45° 

+  {(3)  +  (4)  ~  (9)  -  (10)}  sin  75°] 
=  £[4*14  sm  1S°  +  iri8  s'n  45°  +  !5'87  sm  75°J  =  4'12- 


-I* 

TTj   o 


y  cos  29d9. 


=  *  [(0  -  (3)  -  (4)  +  (6)  +  (7)  -  (9)  ~  do  +  (12)]  cos  30° 
=  H'976  -  18-83)  cos  30°  =  0-134. 


B,  =  - 


y  sin 


=  *  [{(O  +  (3)  -  (4)  -  (6)  +  (7)  +  (9)  -  do)  -  (12)}  sin  30°  +  {(2)  -  (5) 

i  +(8) -(i i)}] 
=  J [(19*32  —  19*27)  sin  30°  +  0*02]  =  0-0075. 

I   fir 

•"•3 =  ~  I    y cos  30"0 

=  J[(0  -  (2)  -  (3)  +  (4)  +  (5)  -  (6)  -  (7)  +  (8)  +  (9)-(io)-(ii)  +  (12)] 

cos  45° 
=  \  [29-06  -  28*91]  cos  45°  =  \  0-15  cos  45°  =  0-0177. 

I    fa 

Bo  =  -  I     y  sin  3ft» 

iry  o 

=  i[(0.  +  (2)  -  (3)  -  (4)  +  (5)  +  (6)  -  (7)  -  (8)  +  (9)  +  (io)-(ii)-(i2)] 

sin  45°. 
=  ([2871  -  29*26]  sin  45°  =  |(-  0*55)  sin  45°  =  -  0*0648. 

The  coefficients  might  be  found  by  a  graphic  method  from   Fig.   H2A, 
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Fig.  U2B,  Fig.  H2C.  Thus  to  find  Aj  set  off  lengths  of  10*1,  7-42,  2-53  along 
the  lines  marked  (i),  (2),  (3)  in  Fig.  II2A.  One-sixth  of  the  sum  of  their 
projections  on  OX  will  then  give  the  value  of  Ar 

Similarly,  one-sixth  of  the  projection  upon  OY  of  a  length  of  —  0-55  set 
off  along  the  line   i,  5,  9  in  Fig.  U2C  gives  the  value  of  B3,  though  the 
arithmetical  method  is  preferable  for  the  higher  coefficients. 
Thus  we  have  shown  that  the  valve  displacement 

y  =  4*83  +  2-61  cos  e  +  0-134  cos  26  +  0*0177  cos  30. 
+  4-i2  sin  e  +  0-0075  sm  20  —  0-0648  sin  30-. 


CHAPTER  XX 
VECTOR  ALGEBRA-ADDITION  OF   VECTORS 

140.  Scalar  and  Vector  Quantities. — Consider  the  point  A  in  the  figure 
as  capable  of  being  moved  about  the  paper. 

We  shall  speak  of  the  operation  of  moving  the  point  A  from  one  position 

to  another  as  a  displacement  of  A.    In  order  to  give  complete  directions  for 

any  displacement  of  the  point  A,  we  must  evidently 

B  specify  (i)  the  distance  through  which  the  point  A  is 

to  be  moved  ;  (2)  the  direction  of  that  motion. 

Thus  we  cannot  say  that  we  perform  the  same 

Q^  operation  in  moving  A  to  B  as  in  moving  A  to  C, 

because,   although   the  distances  AB  and  AC  are 

equal,  the  directions  of  the  two  displacements  are 

A.  t       not  the  same. 

C  Also,  the  displacement  of  A  to  D  is  not  the  same 

FIG.  113.  operation  as  the  displacement  of  A  to  B,  because, 

though  the  directions  of  the  two  displacements  are 

the  same,  the  distances  are  different.  Thus  a  displacement  is  a  different 
kind  of  magnitude  from  such  quantities  as  the  area  of  a  figure,  the  mass  of  a 
body,  the  work  done  by  a  force,  the  temperature  of  a  body,  the  electrical 
resistance  of  a  conductor,  etc. 

The  area  of  a  body  is  completely  known  when  we  know  how  many  units 
of  area  it  contains  :  the  work  done  by  a  force  is  completely  known  when  we 
know  the  number  of  foot-pounds  by  which  it  is  measured,  and  so  on. 

We  find  that  any  one  of  the  latter  class  of  quantities  can  be  expressed 
by  a  single  arithmetical  number. 

On  the  other  hand,  we  find  that  there  is  a  class  of  quantities  such  as 
velocity,  acceleration,  force,  momentum,  impulse,  electric  current,  etc.,  which 
resemble  a  displacement  in  that  we  require  to  know  not  only  the  numerical 
magnitude,  but  also  the  direction  in  order  to  describe  them  completely. 

Quantities  which  can  be  completely  described  by  means  of  an  arithmetical 
number  expressing  the  number  of  times  they  contain  a  single  unit  are  called 
scalar  quantities. 

Quantities  which  have  direction  as  well  as  numerical  magnitude,  and  can 
only  be  completely  specified  by  stating  both  size  or  numerical  magnitude 
and  direction,  are  called  vector  quantities. 

The  numerical  magnitude  of  a  vector,  such  as,  for  example,  the  number 
of  feet  or  centimetres  in  a  displacement,  is  sometimes  called  its  tensor,  and 
the  direction  is  sometimes  called  the  ort  of  the  vector. 
We  shall  speak  of  the  size  and  direction  of  the  vector. 
All  kinds  of  vectors  can  be   completely  represented  by  displacement 
vectors,  the  length  of  the  displacement  representing  the  size,  and  its  direction 
representing  the  direction  of  the  vector. 

In  what  follows  we  shall  speak  with  direct  reference  to  displacement 
vectors  ;  these  will  be  represented  by  straight  lines,  an  arrow-head  being 
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used  to  show  the  direction  of  the  displacement  along  the  straight  line  which 
represents  it ;  we  shall  speak  of  the  straight  line  itself  as  a  vector,  regarding 
the  operation  of  drawing  it  as  a  displacement. 

Thus  in  the  figure,  AB  represents  a  displacement  from 
A  to  B,  CD  a  displacement  from  C  to  D.  BA  is  used  to 
denote  a  displacement  from  B  to  A. 

In  this  book  we  shall  follow  Mr.  Heaviside  in  using 
clarendon  type  to  denote  that  a  letter  is  intended  to  repre- 
sent a  vector ;  thus  a  means  a  certain  vector  having  a 
definite  size  and  direction. 

a  means  a  number  used  as  in  ordinary  arithmetic  and 
algebra,  expressing  the  size  of  the  vector  a,  and  has  no 
reference  to  direction. 

In  written  work  it  will  be  found  convenient  to  under- 
line a  letter  when  it  represents  a  vector.    Thus,  in  his  own 
work,  the  student  should  underline  all  letters  which  would   be   printed  in 
clarendon  type  on  the  system  followed  in  this  book. 

141.  Specification  of  Vectors. — We  shall  employ  the  following  method 
of  specifying  the  size  and  direction  of  vectors  in  a  plane. 


FIG.  115. 


Suppose  a  base  line  OX  to  be  drawn  from  left  to  right,  as  in  specifying  the 
rectangular  co-ordinates  of  a  point  on  a  plane.  Then  the  direction  of  any 
vector  is  specified  by  the  angle  which  it  makes  with  OX.  The  angle  is 
understood  to  be  positive,  i.e.  it  is  the  angle  through  which  OX  would  have 
to  be  turned  about  O,  in  a  direction  opposite  to  the  motion  of  the  hands  of 
a  clock  in  order  to  make  its  direction  the  same  as  that  of  the  vector.. 

The  angle  expressing  the  direction  is  written  after  and  below  the  number 
expressing  the  size  of  the  vector. 

Thus,  357o  represents  a  vector  of  size  3  units,  whose  direction  makes  an 
angle  of  57°  with  OX.  This  is  represented  by  the  straight  line  AB  in 
Fig.  115. 

The  straight  line  CD  represents  the  vector  412o<>- 

Note  that  attention  must  be  paid  to  the  direction  of  the  arrow-head  on 
the  straight  line  representing  the  vector,  and  this  must  always  be  inserted  ; 
e.g.  it  might  seem  that  EF  makes  an  angle  of  45°  with  OX,  but  OX  could  only 
be  brought  to  the  direction  EF  by  a  positive  rotation  of  315°,  and  the 
symbol  for  the  vector  EF  is  2'5316o.  • 

We  might  also  specify  the  directions  of  vectors  by  reference  to  the  points 
of  the  compass,  representing  these  on  the  paper  as  they  are  usually 
represented  on  a  map. 

Thus  AB  in  Fig.  115  is  a  vector  of  3  units  in  a  direction  57°  N.  of  E.  EF 
is  a  vector  of  2*5  units  in  a  direction  S.E. 
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EXAMPLES. — LXXX. 

Draw  straight  lines  to  represent  the  following  vectors,  and  specify  the  direction  of 
each  by  reference  to  the  points  of  the  compass  : — 

1.  5'272o.  2.  3-4u4»-  3-  5'6«i°.  4.  2-3^0.  5.  3-4311°. 

142.  Equal  Vectors. — Two  vectors  are   said  to  be   equal  when  they 
have  the  same  sign  and  direction,  although  their  positions  may  be  different. 

Thus  two   equal  vectors   are   repre- 

. ^  sented  by  equal  and   parallel   straight 

"  ~~  B     lines,  and  the  equation 

a  =  6 

C >  ....     Q  in  vector  algebra  means  that  the  straight 

lines  representing  a  and  6  are  not  only 
FIG.  n6.  of  equal  length  but  are  also  parallel. 

It  follows   by  elementary  geometry 
that  with  this  meaning  of  the  sign  "  =  "  if  a  =  b  and  e  =  6,  then  a  =  c. 

Thus  the  sign  "  =  "  in  vector  algebra  obeys  the  same  law  as  in  ordinary 
scalar  algebra. 

143.  Addition  of  Vectors. — Consider  the  case  of  a  yacht  sailing  against 
the  wind  from  a  point  A  to  a  point  B,  the  distance  AB  being  7  miles  in  a 
direction  due  E. 

Then,  when  the  vessel  reaches  B,  there  is  evidently  a  sense  in  which  we 
may  say  that  she  has  sailed  7  miles  in  an  easterly  direction,  although,  owing 


FIG.  117. 

to  the  necessity  of  tacking,  the  straight  line  AB  does  not  represent  her 
actual  course,  which  is  represented  by  a,  6,  c,  d,  e,  f  in  the  figure. 

Then,  although  the  vessel  has  undergone  a  series  of  displacements 
a,  6,  c,  (/,  e,  f,  her  "  nett  "  displacement  is  the  vector  g  from  A  to  B. 

A  single  displacement  equal  to  g  would  have  carried  her  from  her 
starting-point  to  the  point  where  her  course  ended. 

In  vector  algebra  the  vector  g  is  said  to  be  the  sum  of  the  vectors 
a,  b,  c,  d,  e,  f,  and  the  sign  +  is  used  to  express  this  kind  of  addition. 

Thus  the  equation 


means  that  if  we  draw  a  straight  line  to  represent  the  vector  a,  and  from  the 
end  of  this  a  straight  line  to  represent  6,  and  so  on  ;  then  g  is  the  vector 
represented  by  a  straight  line  drawn  from  the  beginning  of  a  to  the  end  of/. 
Note  that  the  sign  "  +  "  between  two  vectors  is  not  a  direction  to  add 
their  numerical  magnitudes  together. 

EXAMPLE.  —  To  find  the  value  of^r,  +  425Jo  +  33500. 

Draw  the  straight   lines  AB  =  340o,    BC  =  ^j.o,    CD  =  33J()0  as  in  Fig.    118. 
Join  AD. 
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Then  by  measurement  we  find  that  the  length  of  AD  is  4-85.  and  that  it  makes  an  angle 
of  330°  with  OX, 

/.  the  required  vector  sum  is  340o  +  42J50  +  3^,0  =  4'853,^ 

We  should  of  course  get  a  very  different  result  if  the  sign  +  i"  the  above  equation  had 
the  same  meaning  as  in  arithmetic. 

144,  Zero.— Note  in  particular  that  the  sum  of  a  number  of  displace- 
ment vectors  which  form  a   closed  figure  is  zero,  for  the  point  which  is 
supposed  to  undergo  the   displace- 
ments comes    back  to  its  starting 

position,  and   its  nett  displacement 
is  zero. 

EXAMPLE. — To  find  the  value  of 

3i*>  +  4253°  +  3aSO°  +  4'85  150°' 

These  are  represented  by  the  straight 
lines  AB,  BC,  CD,  DA  in  Fig.  118,  so 
that  when  the  tracing  point  has  undergone 
the  above  four  displacements  in  succes- 
sion it  has  returned  to  A,  and  its  nett 
displacement  has  been  the  same  as  if 
it  had  not  been  displaced  at  all,  i.e.  FlG>  Il8 

3««°  +  4*55°  +  3«.°  +  4'85,j,o  =  o.   This 
defines  the  meaning  of  the  symbol  "o"  in  vector  algebra. 

145.  Composition  of  Velocities,  Accelerations,  etc. — We  here  take  it 
as  self-evident  that  displacement  vectors  are  added  by  the  method  explained 
above. 

A  velocity  is  the  rate  of  change  of  a  displacement  with  respect  to  the 
time,  and  therefore  this  method  of  addition  also  holds  good  for  velocities. 

If  a  point  has  several  simultaneous  velocities  in  different  directions,  their 
vector  sum  is  the  resultant  velocity  of  the  point.  In  the  same  way  it  follows, 
since  an  acceleration  is  the  rate  of  change  of  a  velocity  vector  with  respect  to 
the  time,  that  this  method  of  addition  also  holds  good  for  accelerations. 
Since  a  force  is  measured  by  the  acceleration  which  it  tends  to  cause,  it 
follows  that  the  same  method  also  holds  good  for  force  vectors.  Other 
vectors  quantities,  such  as  Momentum,  Impulse,  Magnetic  Induction,  etc.,  can 
be  derived  from  displacement  or  force  vectors  by  multiplying  them  by  scalar 
quantities,  and  thus  the  same  law  of  addition  holds  for  all  vector  quantities. 

We  see  that  the  law  of  vector  addition  includes,  as  special  cases,  the  pro- 
positions known  as  the  Parallelogram  of  Velocities,  the  Parallelogram  of 
Accelerations,  the  Parallelogram  of  Forces,  etc.  In  particular,  the  statement 
that  when  a  number  of  vectors  taken  in  order  form  a  closed  figure  their 
sum  is  zero,  is  equivalent  to  the  polygon  of  velocities  when  the  vectors  are 
velocities,  and  to  the  polygon  of  forces  when  they  are  forces. 

EXAMPLES.  -  LXXXI. 

In  the  following  examples  give  the  angular  measurements  in  the  results  correct  to 
one-half  of  a  degree.  Find  the  following  vector  sums: — 

1-  330°  +  5iJ»°-  2.  33,o  +  5,350  +  44io.  3.  7s,o  +  97,0  +  52geo. 

4.  8'oi.jjo  +  9'4i68°  +  7'9523<>-  5.  32JO  +  5,54o  +  4s«»°- 

6.  5,,0  +  iols,o  +  5 -853.30.  7.  34,0  +  5m0  +  4?i"- 

8.  60o  +  4ljso  +  82Jso  +  7»»°-  9.  7,0  +  390o  +  3,80o  +  8JT,0  +  4u»o. 

10.  A  ship  sails  the  following  course :  3  miles  in  direction  N.E.,  then  3  miles  in 
direction  30°  S.  of  E.,  then  5  miles  in  direction  due  N.,  then  2  miles  in  direction 


288 


Practical  Mathematics 


30°  S.  of  E.     At  the  end  of  her  course  how  far,  and  in  what  direction,  does  the 
vessel  lie  from  her  starting  point  ? 

11.  The  following  forces   act  at  a  point.     Find  the  numerical  magnitude  and 
direction  of  their  resultant. 

1 5  Ibs.  making  an  angle  of  48°  with  ox 
20  ,,  „  162°    „     ox 

33  »  »»          202°    »     a* 

M  ».  »          300°    »     °* 

12.  Find  the  resultant  of  the  following  forces  : — 

15  Ibs.  making  an  angle  of  25°  with  ox 

12  ,,  ,,  141°     ,,      OX 

10  ,,  ,,         250°    ,,    ox 

13.  A  cricket  ball  is  travelling  in  a  direction  AB  with  a  momentum  of  125  units 
It  receives  a  blow  in  a  direction  BC,  which  gives  to  it  a  momentum  of  100  units. 
The  angle  ABC  is  42°.     In  what  direction  will  it  move  after  the  blow?     What  is 
the  numerical  magnitude  of  its  momentum  after  the  blow  ? 

NOTE. — The  momentum  of  a  body  is  equal  to  its  mass  multiplied  by  its  velocity, 
and  has  therefore  the  same  direction  as  the  velocity.  The  final  momentum  is  the 
vector  sum  of  the  momentum  before  the  blow,  and  the  momentum  given  to  the  ball 
by  the  blow. 

14.  A  point  has  the  following  velocities  at  the  following  times.  Find  approxi- 
mately the  value  of  the  acceleration  when  t  =  io'o2. 


Velocity,  ft.  per  sec. 
Time,  seconds 

I0030" 
10 

103-335" 

lO'OI 

io57«° 

1O'O2 

I07-261» 
10-03 

io7-862° 
10-04 
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146.  Rules  governing  the  Use  of  the  Sign  "  +  ."• 

Let  a  and  b  be  any  two  vectors. 

Construct   a   parallelogram   ABCD,  so  that  AB  =  DC  =  a  and  AD  = 
BC  =  b. 

Then  a  +  b  =  AB  +  BC  =  AC 
and  also  b  +  a  =  AD  +  DC  =  AC 

.'.a+b   =  b  +  a 

i.e,  the  sum  of  two  vectors  does  not  depend  on  the  order  in  which  they  are 
taken. 

This  is  the  Commutative  Law  of  Addition.     We  already  know  that 

B          _J  ..          C 

o 


FIG.  119. 

it  holds  for  ordinary  arithmetical  addition,  and  we  have  here  shown  that  it  is 
also  true  when  the  sign  +  has  the  special  meaning  given  to  it  in  vector 
addition. 

Brackets  are  used  as  in  ordinary  algebra  to  indicate  that  the  terms  which 
they  contain  are  to  be  taken  together.  Thus,  in  the  expression  (a  +  b)  +  c, 
the  bracket  indicates  that  a  +  b  is  considered  as  one  vector  to  which  the 
vector  c  is  added. 
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If  a,  6,  c,  of,  e, /are  vectors,  as  shown  in  Fig.  120,  the  expression  (a  +  6) 
+  c  denotes  d  +  c,  which  is  equal  to  e,  and  is  the  same  as  a  +  6  +  c. 

Similarly,  a  +  (6  +  c)  =  a+/=e  =  a+6  +  c. 

.'.  a  =  (6  +  c)  =  a  +  6  +  c  =  (a  +  6)  +  c. 

Similarly,  in  adding  together  any  number  of  vectors  we  may  take  any 
two  or  more  together  in  a  bracket  without  altering  the  sum. 

This  is  the  Associative  Law  of  Addition.     We  have  here  shown  that 
it  holds  for  vector  addition  as  well  as  for  arithmetical  addition. 

To  show  that  the  commutative  law  holds  for  more  than  two  vectors,  we  have 

=  (b  +  c)  +  a  by  the  commutative  law  for  two  vectors 
=  6  +  c  +  a. 
Similarly,  we  can  show  that 

And  that  the  commutative  law  holds  for  the  addition  of  any  number  of 
vectors. 

EXAMPLES.— LX  XXI I . 

1.  Starting  at  the  same  point  o,  find  by  construction  on  the  same  paper  the 
following  vector  sums.     Verify  that  they  are  all  equal. 


5o°  + 


5. 


2.  a  =  4,.o,  6  =  272t.o,  c  =  3'34i 


7»*> 
33»*° 


Find  by  three  separate  constructions  the  values  of 

(a  +  6),  (c  +  d)  and  (a  +  6)  +  (c  +  d). 

Find  in  the  same  way  the  values  of 
(a  +  c),  (6  +  d)  and  (a  +  c)  +  (6  +  d),  and  of  (c  +  d  +  a)  and  (c  +  d  +  a)  +  b. 

Verify  that  (a  +  6)  +  (c  +  d)  =  (  a  +  c)  +  (6  +  d)  =  (o  +  d  +  a)  +  b. 
3.  Find  the  values  of 


263*0  +  37i 

and  26350  +  4i2»°  +  37ns» 
and  verify  that  they  are  the  same. 

147.  Use  of  the  Sign  "  -  .» 

The  sign  "  -  "  before  a 
vector  indicates  that  its  direc- 
tion is  reversed. 

For  example,  -  a  is  a  vector 
of  the  same  numerical  magni- 
tude as  the  vector  +  a,  but  in 
the  opposite  direction. 

-  569o  is  a  vector  of  5  units 
in  a  direction  opposite  to  that 
of  the  vector  569o. 

Evidently  it  is  the  same  as  a  positive  vector  52490. 

If  a  and  6  are  two  displacement  vectors,  a  -  6  is  the  nett  displacement  of 
a  point  which  is  moved  along  the  vector  a,  and  then  for  a  distance  b  in  a 
direction  opposite  to  that  of  the  vector  6. 

In  the  figure  c  =  a  —  6. 


^24-9' 


FIG.  121. 
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If  a  =  725o  and  6  =  56Bo 
Then  -  b  =  524,0 
and  a  -  b  =  726o  -  569o  =  725o  + 

Thus,  in  any  expression  a  vector  with  the  —  sign  before  it  may  always  be 
replaced  by  an  equal  and  opposite  vector  with  the  +  sign  before  it. 

It  follows  that  the  laws  shown,  in  §  146,  to  hold  for  the  +  sign,  also  hold 
for  the  —  sign. 

Note  in  particular  that 


For  in  Fig.  1  1  7  the  expression  on  the  right-hand  side  of  this  equation  would 
be  represented  by  reversing  all  the  arrow-heads,  and  would  represent  the 
case  where  the  ship  sails  back  over  the  same  courses  from  B  to  A. 
Evidently  the  resulting  nett  displacement  is 


-g  =  -(a  +  b  +  c  +  d  +  e+f) 

In  ordinary  algebra,  if  it  is  given  that  a  =  b  and  c  =  dt  we  take  it  as  self- 
evident  that  a  ±c  =  b  ±d. 

Consider  the  corresponding  case  when  a,  b,  c,  d  are  displacement  vectors. 


FIG.  xaa. 

If  a  and  6  are  equal  displacements,  and  also  c  and  d,  it  is  evident  that  the 
double  displacement  a  ±  c  has  the  same  effect  in  changing  the  position  of 
a  point  as  the  double  displacement  b  +  d  ;  i.e. 

a±c  =  b±d 

Note  that  this  is  equivalent  to  the  proposition  (Euclid  I.,  4)  that  two 
triangles  are  equal  when  two  sides  and  the  included  angle  of  one  are 
respectively  equal  to  two  sides  and  the  included  angle  of  the  other. 

We  have  now  shown  that  the  signs  +,  — ,  and  =  obey  the  same  rules  in 
vector  algebra  as  in  ordinary  algebra. 

It  follows  that  in  vector  equations  we  may  transfer  a  term  from  one  side 
to  the  other  provided  we  change  its  sign. 

The  fundamental  laws  of  vector  addition  and  subtraction  have  been 
treated  with  some  fulness  to  enable  the  student  to  realize  the  actual  meaning 
of  the  symbols  he  uses  as  representing  the  vectors  themselves.  The  student 
should  be  careful  to  avoid  the  habit  of  dealing  mechanically  with  the 
expressions  and  processes  of  vector  algebra  as  if  he  were  dealing  with  mere 
symbols. 

EXAMPLE  (i).— If  a  =  6,0,  6  =  744o,  c  =  430o,  find  the  values  of  a  +  b  —  c  and 
a-  b  +c. 

—  b  is  the  same  as  the  positive  vector  72,5<> 

—  c  is  the  same  as  the  positive  vector  42i^>. 
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Thus  in  the  figure 

P  =  a  +  6  —  c  and  Q  =  a  —  6  +  c. 
We  find  by  measurement  that 

P  =  7 -16,40,  Q  =  5'4328o 
measuring  the  angles  to  the  nearest  degree. 
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10 


90° 


FIG.  123. 


A  10,.          B 

Fig.  124. 


EXAMPLE  (2). —  Water  is  flowing  at  lofeet  per  second  along  a  pipe  having  a  right- 
angled  bend.  What  is  the  vector  change  of  the  velocity  at  the  bend  ? 

(Board  of  Education  Examination  in  Applied  Mechanics.) 

In  the  figure  (Fig.  124),  velocity  along  AB  before  reaching  bend  =  10,0 
velocity  along  BC  after  passing  bend  =  io90o, 

/.  change  of  velocity  u  =  ios,o  —  io,0 

where  the  —  sign  has  the  meaning  given  to  it  in 
vector  algebra. 

In  the  figure  AB  represents  10,0,  BC  repre- 
sents iO(,(,o.  To  find  v  draw  CD  to  represent  — 
10,0.  Then  u  =  io900  —  io,0  =  BC  +  CD  = 
BD.  By  measurement  or  calculation  BD  = 
14-14  and  the  angle  ABD  =  45°, 

/.  u  =  i4'i4iM°- 

The  required  vector  change  of  velocity  at  the 
bend  is  therefore  a  velocity  of  14'  14  feet  per 
second  in  a  direction  bisecting  the  angle  at  the 
bend. 

148.  Relative  Velocity. 

If  a  point  A  moves  with  velocity  w,  and 
a  point  B  moves  with  velocity  u,  then  the 
velocity  of  A  relative  to  B,  i.e.  the  velocity 
which  A  would  appear  to  have  to  a  person  FIG  MS- 

moving  with  B  and  facing   in   a   constant 

direction,   is  u  —  y,   where  u  and  u  are  regarded    as    vectors,    and    the 
sign  —  has,  of  course,  the  meaning  given  to  it  in  vector  algebra. 

EXAMPLE. — A  vessel  A  is  sailing  at  a  speed  of  10  knots  in  a  direction  N.E.,  and  a 
vessel  B  is  sailing  at  12  knots  in  a  direction  20°  VV.  o/S.  Find  the  velocity  which  A 
appears  to  have  to  a  person  on  B. 
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We  may  wiite 

velocity  of  A  =  u  =  io<}0 
velocity  of  B  =  u  =  I2M,0 

.'.  velocity  of  A  relative  to  B  =  u  —  v 

=  I04JO  -  I2M0o 
=  I015o+  I2T,o 
=  21-47s.-so 

by  construction  and  measurement. 

EXAMPLES.— LXXXIII. 
Find  by  construction  the  values  of — 

!•  325°  -  Sais"  +  4sooo-       2.  78,o  +  978o  —  5,0(Io.       3.  8-oi27n  -  9'434«°  -  7'952«°- 

4.  If  a  =  354o,  6  =  2HOo,  c  =  32j»o,  find  the  values  of  a  +  6  +  c  and  a  —  6  +  c. 

5.  a  =  3<5o,  b  =  212eo,  c  =  43i5o,  find  the  values  of  a  +  6  +  c  and  a  +  b  —  c. 

6.  A  point  A  has  a  velocity  135,40,  a  point  B  has  a  velocity  2io2g0n.     Find  the 
velocity  of  B  relative  to  A. 

7.  A  vessel  A  is  sailing  at  II  knots  in  a  direction  S.E.,  and  a  second  vessel  B  is 
sailing  at  13  knots  in  a  direction  10°  E.  of  N.     Find  the  velocity  of  A  relative  to  B. 

8.  A  body  is  moving  at  a  speed  of  150  ft.  per  second  in  a  direction  AB.     It 
strikes  an  obstacle  and  rebounds  at  a  speed  of  1 10  ft.  per  second  in  a  direction  BC. 
The  angle  ABC  is  125°.     What  is  the  magnitude  and  direction  of  the  velocity  which 
is  given  to  the  body  by  the  blow  ? 

149.  Multiplication  of  a  Vector  by  a  Scalar  Quantity.— If  a  be  any 
vector  and  n  any  number,  an  or  net  denotes  a  vector  in  the  same  direction 
as  a,  but  n  times  as  large  ;  e.g.  if  a  =  269o,  30  denotes  a  displacement  ol 
6  units  in  a  direction  making  59°  with  OX. 

Let  a,  6,  c  be  three  vectors,  and  let 

a+b+c=f 

Draw  the  construction  to  find  the  sum  a  +  6  +  c. 

Then  the  sum  20  +  26  +  20  will  be  found  by  drawing  a  similar  and 
similarly  situated  figure  on  twice  the  scale. 

By  elementary  geometry  the  resulting  vector  sum  will  be  parallel  to  /  and 
of  twice  the  length,  i.e. 

20  +  2b  +  2C  =  2f=  2(d  +b  +  C) 

and,  in  general,  when  n  is  any  scalar  number 

na  +  nb  +  no  +  .  .  .  =  n(a  +  b  +  c  .  .  .) 

Thus  we  may  "  multiply  out  "  each  term  in  a  bracket  by  a  scalar  quantity 
as  in  ordinary  algebra. 

This  is  the  Distributive  Law  of  Multiplication. 

EXAMPLE. — To  prove  that  the  diagonals  of  a 
parallelogram  bisect  one  another. 

Let  the  diagonals  AC,  B  D  of  the  parallelogram 
ABCD  intersect  at  E.  Then  the  vector  AB  =  DC, 
the  sign  =  here  expressing  equality  of  direction  as 
well  as  equality  of  numerical  magnitude.  But  the 
vector  sum 

AE  +  EB  =  AB,  and  DE  +  EC  =  DC 

FIG  .*.  /.  AE  +  EB  =  DE  +  EC 

AE  -  EC  =  DE  -  EB  (see  $  147) 

But  the  vector  differences  on  each  side  of  this  equation  are  vectors  having  different 
diiections,  and  therefore  cannot  be  equal  unless  they  are  both  equal  to  zero, 
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/.  AE  -  EC  =  o,  and  AE  =  EC ;  DE  -  EB  =  o,  and  DE  =  EB 

which  proves  the  proposition. 

EXAMPLES.— LXX  X IV. 

1.  AC  and  BD  are  two  straight  lines  bisecting  one  another  at  E.    Trove  that  AB 
is  equal  and  parallel  to  DC. 

2.  If  AB  is  equal  and  parallel  to  CD,  prove  by  vector  algebra  that  AC  is  equal 
and  parallel  to  BD. 

3.  D  is  the  mid-point  of  the  side  BC  of  a  triangle  ABC.     A  point  G  is  taken  on 
AD  so  that  AG  =  2GD.     Prove  by  vector  algebra  that  CG  and  BG  when  produced 
bisect  AB  and  AC. 

4.  Prove  that  the  figure  formed  by  joining  the  mid-points  of  the  sides  of  any 
quadrilateral  is  a  parallelogram. 

150.  To  find  the  Resultant  of  two  Like  Parallel  Forces. 
A 


B  P          C 

FIG.  137.  FIG.  128. 

Let  forces  represented  by  wAB,  «AC  act  at  A. 

AB  and  AC  are  linear  displacement  vectors,  and  m  and  »  are  scalar 
quantities. 

Join  BC.     Divide  BC  at  P,  so  that  BP  :  PC  =  «  :  m, 

:.  m .  BP  =  » .  PC (i) 

Now  in  vector  notation  wAB  =  w(AP  +  PB)  =  wAP  +  mPB  =  mAP-mBP 

and  «AC  =  «(AP  +  PC)  =  »AP  +  «PC 
/.  adding,          wAB  -f-  «AC  =  (m  +  «)AP  -  mBP  +  nPC 

=  (m  +  «)AP  by  (i) 

The  sum  of  two  force  vectors  is  their  resultant  ;  .'.  the  resultant  of  forces 
w?AB  along  AB,  and  wAC  along  AC,  is  (m  +  w)AP  along  AP. 

The  position  of  P  is  evidently  independent  of  the  position  of  A  so  long  as 
the  ratio  m  I  n  remains  the  same,  so  that  A  may  be  moved  as  far  away  from 
BC  as  we  please. 

As  A  moves  to  a  greater  and  greater  distance  from  BC,  the  three  lengths 
AB,  AP,  AC  become  more  and  more  nearly  equal  and  parallel. 

Choose  the  scale  so  that  AP  represents  the  unit  force. 

Then,  in  the  limit,  as  A  moves  to  infinity,  Fig.  127  becomes  Fig.  128,  and 
AB  and  AC  become  equal  to  AP,  and  the  resultant  of  two  like  parallel  forces  m 
and  «  at  B  and  C  is  m  +  n  at  P,  where  P  divides  BC  so  that  BP  :  PC  =  n  :  m. 

151.  Centre  of  a  System  of  Parallel  Forces. — Similarly,  to  find  the 
resultant  of  the  three  forces 

w^AB,  7»2AC,  ;«3AD 
We  have,  in  vector  notation, 

xn,AB  +  *#2AC  =  (ml  +  * 
where  BP  :  PC  =  *»,  :  ml 
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'.  the  vector  sum 

wtAB  +  w2AC  +  w3AD  =  (w,  +  *«2)AP  +  w/3AD 

=  (/«,  +  m2  +  w3)AG  by  the  last  paragraph 
where  PG  :  GD  =  w3  :  (ml  +  m2) 


FIG.  139. 

i.e.  the  resultant  offerees  WjAB,  ;#2AC,  ;«3AD  along  AB,  AC,  and  AD  is 
(m  j  +  w2  +  #zs)AG  along  AG 

When  A  is  taken  to  infinity  the  vectors  AB,  AC,  AD,  AG  become  equal 
and  parallel. 

Taking  AG  to  represent  the  unit  force,  we  get  the  theorem  that  the 
resultant  of  parallel  forces  ml  at  B,  -mz  at  C,  and  mz  at  D  is  (ml  +  m2  +  m3) 
at  G.  It  is  evident  that  the  position  of  G  does  not  depend  upon  the  direction 
in  which  A  is  taken  to  infinity,  and  therefore  the  parallel  forces  at  B,  C,  and 
D  may  act  in  any  direction,  but  their  resultant  will  still  act  at  the  same 
point  G.  G  is  called  the  centre  of  the  system  of  parallel  forces.  If  the 
parallel  forces  are  weights,  G  is  the  centre  of  gravity  of  the  weights  ;«,  at  B, 
m2  at  C,  and  m?  at  D. 

We  may  evidently  extend  this  to  the  case  of  any  number  of  parallel 
forces.  Thus,  if  we  have  weights  ml  at  Pj,  m2  at  P2,  ws  at  Ps,  ;#4  at  P4,  and 
so  on,  the  centre  of  gravity  of  the  system  of  weights  is  at  G  where  G  is  a 
point  whose  position  is  given  by  the  vector  equation 

(ml  +  m,l  +  m3  +  m4+  . .  .)OG  =  mlOPl  +  w2OP2  +  w3OPs  +  *«4OP4  +  .  .  . 

where  O  is  any  point,  the  lines  OP1}  OP2  .  .  .  OG  are  understood  to  be 
vectors,  and  the  signs  +  and  =  have  the  meaning  which  we  have  given  to 
them  in  vector  algebra. 

This  vector  equation  may  be  taken  as  a  definition  of  the  centre  of  gravity 
of  a  number  of  particles. 

EXAMPLE. — Find  by  a  graphic  construction  the  position  of  the  centre  of  gravity  of 
the  following  weights  : — 

3  Ibs.  at  the  point  P,  whose  polar  co-ordinates  are  (5,  42°) 
2         ..         „         P2  >,  .,  (2,  25°) 

4  i.         ,,         PS  i.  »  (3,  120°) 
i         >.         „         P4               i.                 M  (2,  70°) 

The  position  of  the  points  is  shown  in  the  figure.  Consider  the  lines  OPlf  OP,, 
OPj,  OP4  as  vectors.  Then,  if  G  is  the  centre  of  gravity,  we  have  shown  that 

loOG  =  3OP,  +  zOP2  +  4OP,  +  OP4. 

Find  by  construction  the  vector  sum 

3<DP,  +  2OP,  +  4OP,  +  OP4  =  OP, 
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Then  OP  =  lo.OG. 

.'.  G  is  on  OP  at  a  distance  OG  equal  to  -^OP  from  O.    We  find  by  measurement 
that  the  polar  co-ordinates  of  G  are 

r=  25-8,  6  =  60°. 


FIG.  130. 

This  method  is  given  chiefly  for  its  interest  as  an  example  in  vector  addition.     In 
practice  we  use  a  more  convenient  method  which  is  derived  from  this  (see  §  162). 


EXAMPLES.— LXXXV. 

1.  Find  the  polar  co-ordinates  of  the  centre  of  gravity  of  the  following  weights: — 

3  Ibs.  at  the  point  whose  polar  co-ordinates  are  (2*24,  26'5°). 

1  „  „  „  (2-06,  76°). 

2  „  >,  (i'i2,  i53'5°). 
10                „                  „                  „  (i,  270°). 

2.  Find  the  polar  co-ordinates  of  the  centre  of  gravity  of : — 

I  Ib  at  the  point  whose  polar  co-ordinates  are  (5'83,  149°). 

4  »  ..  ..  (9'43.  580). 

5  ..  ,.  ,.  (13*45.  42°). 

3  »  •»  »  (2I'5>  22°)- 

3.  Draw  an  equilateral  triangle  ABC  having  its  sides  two  inches  long.     Find  by 
construction  the  vector  sum  of  forces  proportional  to  3AB  along  AB  and  2AC  along 
AC,  and  verify  by  measurement  the  theorem  of  §  150  that  the  resultant  of  the  forces  is 
5AP  along  AP,  where  P  divides  BC  so  that  BP  :  PC  =  2  : 3. 

4.  Three  equal  weights  are  placed  at  the  angular  points  A,  B,  and  C,  of  a  triangle 
ABC.     D  is  the  mid-point  of  BC.    Prove  that  the  centre  of  gravity  G  of  the  weights 
is  on  AD,  and  that  AG  =  f  AD. 

5.  Piove  by  vector  algebra  that  the  centre  of  gravity  of  4  equal  weights  at  the 
corners  A,  B,  C  and  D  of  a  triangular  pyramid  is  at  a  point  G  on  the  straight  line  AE 
joining  the  vertex  to  the  centre  of  gravity  E  of  the  three  weights  at  B,  C,  and  D,  and 
such  that  AG  = 


CHAPTER  XXI 
MULTIPLICATION  OF  VECTORS 

152.  Scalar  Product  of  Two  Vectors. — The  scalar  product  of  two  vectors 
is  defined  as  the  product  of  their  numerical  magnitudes  into  the  cosine  of<he 
angle  between  them. 

If  a  and  6  are  the  two  vectors  and  0  the  angle  between  them,  the  scalar 
product  is  written  06,  and  we  have 

ab  =  ab  cos  6 


Note  that  the  angle  6  is  taken  between  the  directions  of  the  two  vectors 
a  and  6,  measured  both  from  or  both  towards  the  point  where  they  meet. 

E.g.  if  the  vectors  are  in  the  directions  OA  and  OB  in  the  figure,  0  is 
taken  as  the  angle  AOB  ;  if  the  vectors  are  in  the  directions  AO  and  OB, 
however,  the  angle  6  is  the  angle  COB  between  AO  produced  and  OB,  and 
not  the  angle  AOB. 

As  its  name  implies,  the  scalar  product  of  two  vectors  is  a  scalar  quantity 
and  not  a  vector. 

The  physical  meaning  which  it  has  and  the  units  in  which  it  is  measured, 
depend  on  the  original  vectors  which  are  multiplied  together. 

If  two  displacement  vectors  are  multiplied  together  the  resulting  scalar 
product  has  the  dimensions  of  an  area  which,  of  course,  is  a  scalar  quantity 
having  no  direction. 

If  a  force  F  causes  a  displacement  s  in  its  own  direction,  the  product  Fj 
is  the  work  done.  We  now  extend  this  statement,  and  say  that  when  F  and  s 
are  vectors  in  any  two  directions,  the  scalar  product  Fs  is  the  work  done  by 
the  force  F  acting  through  the  displacement  s  and  remaining  parallel  to  its 
original  direction  throughout  the  displacement.  The  work  Fa  is  measured  in 
toot-lbs.  or  similar  units,  and  is  a  scalar  quantity  having  numerical  magnitude 
but  no  direction. 

If  a  force  F  is  moving  a  point  with  a  velocity  v  in  its  own  direction,  the 
product  Fz>  is  the  rate  at  which  the  force  is  doing  work,  and  is  called  the 
power  or  activity  of  the  force. 

As  before,  we  now  extend  this  to  the  case  where  F  and  u  are  vectors  in 
any  two  directions. 
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If  a  force  F  is  moving  a  point  with  velocity  i/,  then  the  rate  at  which  it  is 
doing  work  is  equal  to  the  scalar  product  Fu.  If  F  is  in  pounds,  and  u  in 
feet  per  second,  the  power  Fu  is  given  in  foot-lbs.  per  second.  This  is  a 
scalar  quantity  having  no  direction. 

153.  Commutative  Law. — Since  cos  0  =  cos  (—  0),  it  does  not  matter 
whether  the  angle  0  in  the  scalar  product  is  measured  from  a  to  b,  or  from  b 
to  a  ;  i.e.  we  get  the  same  result  by  taking  0  =  AOB  as  by  taking  0  =  BOA 
in  Fig.  131,  or  ab  =  ab  cos  0.=  ba  cos  (—  0)  =  ba. 

Thus,  in  finding  the  scalar  product  of  two  vectors,  the  order  of  multi- 
plication does  not  affect  the  result.  In  this  respect  scalar  products  resemble 
ordinary  arithmetical  products.  This  is  the  commutative  law  for  scalar 
products. 

154.  Perpendicular  and  Parallel  Vectors. — If  the  vectors  a  and  6  are 
at  right  angles  0  =  90°,  and  ab  =  ab  cos  90°  =  o. 

Thus,  the  scalar  product  of  two  perpendicular  vectors  is  zero. 

E.g.  if  the  force  F  and  the  displacement  s  of  its  point  of  application  are 
at  right  angles,  the  work  done  =  Fs  =  Fs  cos  o°  =  o. 

If  the  two  vectors  have  the  same  direction,  0  =  o,  and  the  scalar  product 
ab  =  ab  cos  0  =  ab,  i.e.  the  scalar  product  is  equal  to  the  ordinary  algebraical 
product. 

E.g.  if  the  force  F  produces  a  displacement  s  along  its  own  direction,  we 
know  that  the  work  done  is  the  ordinary  algebraical  product  Fs,  and  we  now 
see  that  this  is  also  the  scalar  product  when  the  directions  of  the  force  and 
the  displacement  are  the  same.  Thus  the  definition  given  above  of  the  work 
done  by  a  force  as  a  scalar  product  is  general,  and  includes  as  a  special  case 
the  ordinary  definition  as  the  product  of  the  force  into  the  displacement  in 
its  own  direction. 

If  a  vector  a  be  multiplied  by  itself  the  resulting  scalar  product  is  written 
a2.  Since  the  angle  0  =  o, 

a2  =  a .  a .  cos  o  =  a2 

or,  the  square  of  a  vector  is  equal  to  the  algebraical  square  of  its  numerical 
magnitude,  and,  being  a  scalar  product,  has,  of  course,  no  direction. 

155.  Rule  of  Signs. — The  vector  —  6  is  the  vector  6  reversed. 
The  angle  between  a  and  —  b  is  the  supplement 

of  0or  180°  -  0 

.'.  the  scalar  product  a{—  b)  =  ab  cos  (180°  -  0) 

=  —  ab  cos  0  =  —  ab 
Similarly  (— a)(—  6)  =  +  ab  — 

o  o 

i.e.  the  rule  of  signs  in  scalar  algebra  also  holds  for  FIG.  139. 

scalar  products  of  two  vectors. 

156.  Consider  two  vectors  a  and  6,  both  starting  from  the  same  point  O 
in  the  same  direction,  and  let  a  remain  fixed  while  b  rotates  about  O  until  it 
is  in  the  opposite  direction  to  a. 

The  numerical  magnitudes  a  and  6  remain  the  same,  so  that  the  scalar 
product  ab  cos  0  follows  the  variations  of  cos  0. 

The  scalar  product  has  its  greatest  value  ab  when  a  and  b  are  in  the  same 
direction.  As  0  increases  to  a  right  angle  the  scalar  product  diminishes  to  o. 
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As  e  increases  from  a  right  angle  to  two  right  angles  the  scalar  product  is 
negative,  and  changes  from  o  to  —  ab. 

If  b  is  made  to  rotate  further  the  scalar  product 
passes  back  through  the  same  series  of  values  to 
the  value  ab  when  6  has  turned  through  360°. 

We  see  that  the  scalar  product  of  two  vectors  is 
a  maximum  when  they  are  in  the  same  direction, 
and  a  minimum  when  they  are  in  opposite  direc- 
tions. 


FIG.  134 


EXAMPLE  (i).  —  Find  the  scalar  product  of  the  two 
vectors  I213,o  and  iOi90r. 

Here  6  =  55°  and  the  scalar  product. 

I2mo  .  io19»o  =  IO  X  12  X  cos  55° 
=  68-83 

EXAMPLE  (2).  —  Calculate  the  scalar  product  of  680o 
and  5,90o. 

Here  6  =  150°  and  the  scalar  product 

6,00  .  529«°  =  6  X  5  X  cos  150°  =-  25-98 


EXAMPLE  (3).  —  A  horse  pulls  a  canal  barge  at  the  rate  of  5J 
ft.  per  second  -with  a  force  of  85  Ibs.  The  rope  makes  an  angle 
of  25°  with  the  direction  in  which  the  barge  is  moving.  Find  the 
work  done  in  pulling  the  boat  looff.,  and  the  horse-power. 

The  work  done  is  given  by  the  scalar  product  of  a  force 
vector  of  85  Ibs.  along  the  direction  of  the  rope,  and  a  displace- 
ment vector  of  100  ft.  along  the  direction  of  motion  of  the  boat. 


.'.  work  done  =  85  X  100  X  cos  25°  ft.  -Ibs. 
=  77O3  ft.  -Ibs. 


The  power  is  equal  to  the  scalar  product  of  vectors  of  85  Ibs.  and 
making  an  angle  of  25°  with  each  other. 

.'.  Power  =  85  X  5'5  X  cos  25°  ft.-lbs.  per  second 

_  85  x  5'5  x  0-9063  H  P 

550 

=  0-770  H.P. 


ft.  per  second, 


EXAMPLES.— LXXXVI. 

Calculate  the  following  scalar  products  : — 

1.     5sOn  •    rO°'  2.     5l50°.    1«°.  3"     5214°  '    'o°«  4.     5330°  •    '»•>• 

O.     5sO°  •    I9t°"  "•     5l50°  •    ^O0'  '•     SziOO  >    IgOo-  8"     5sSO°  •    'so0' 

9.  520o.3<«o.  10.  3-i22o.2-3mo.          11.  (2-3202o)!!.          12.  2-6S20.3-32I30. 

13.  3-1,10. 4'2295o.  14.  3-43230.2-9990.  15.  3-7,390.  2-5.,29o. 

16-  4*3335°  •  2'933,o-  17.  If  a  =  52j0  ;  b  =  639o,  find  ab. 

18.  Given  a  =  25,30  ;  b  =  3iH,o,  calculate  the  value  of  ab.     Also  draw  lines  to 
represent  the  vectors  —  a  and  —  b,  calculate  the  values  of  the  scalar  products 


and  verify  that  the  rule  of  signs  of  ordinary  algebraical  multiplication  also  holds  good 
for  the  scalar  products  of  two  vectors. 
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19.  Find  the  scalar  products  of  the  following  pairs  of  vectors'  in  a  horizontal 
plane  :  15  N.W.  and  10  E. ;  12  S.E.  and  15,  30°  E.  of  N.  ;  350  S.  and  7  W.  ;  12  in 
direction  25°  N.  of  E.  ;  and  13' I  in  direction  16°  N.  of  W. 

20.  A  horse  pulls  a  canal  boat  with  a  force  of  364  Ibs.     If  the  rope  makes  an 
angle  of  23°  with  the  direction  in  which  the  boat  moves,  find  the  work  done  in  pulling 
the  boat  100  ft. 

21.  If  the  force  in  the  last  question  is  500  Ibs.,  and  the  boat  moves  with  a  velocity 
of  i  ft.  per  second  ;  find  the  power.    The  angle  between  the  rope  and  the  direction 
of  motion  is  25°. 

22.  A  truck  is  pulled  at  a  speed  of  8'8  ft.  per  second  along  a  line  of  rails  by  a 
rope  passed  round  a  revolving  drum  at  the  side  of  the  rails.     If  the  angle  between  the 
rope  and  the  direction  of  the  rails  is  28°,  and  the  force  in  the  rope  is  512  Ibs.,  find 
the  power.     What  is  the  power  when  the  truck  is  passing  the  drum,  so  that  the  rope 
is  at  right  angles  to  the  rails  ? 

23.  An  electric  tramcar  is  travelling  at  a  speed  of  14^  ft.  per  second.     The  wind 
is  blowing  against  the  car  at  an  angle  of  40°  to  the  track  with  a  force  of  155  Ibs. 
Find  the  power  exerted  in  overcoming  the  resistance  of  the  wind. 

24.  OB  is  the  crank,  and  BA  the  connecting-rod  of  an  engine.     B  is  moving 
round  a  circle  at  the  rate  of  6'3  ft.  per  second.     OB  =  6  ins.,  BA  =  3  ft.     Find  the 
power  at  the  instant  when  OA  =  3'2  ft.,  and  the  thrust  along  AB  is  1200  Ibs. 


157.  Orthogonal  Projection. 

Let  OP  be  any  linear  vector  r,  and  OX  a  straight  line  in  any  other 
direction.  Draw  PN  perpendicular  to  OX.  Then  ON  is  called  the  orthogonal 
projection  of  OP  on  OX,  and  the  point  N  is  called 
the  projection  of  the  point  P  on  OX.  In  what 
follows  we  shall  use  the  word  projection  to 
mean  orthogonal  projection. 

If  we  regard  OP  as  the  displacement  of  a 
point,  ON  is  the  distance  which  the  point  moves 
in  the  direction  OX,  while  it  is  displaced  from 
O  to  P. 


Fro.  136. 


If  OP  is  regarded  as  representing  a  velocity,  acceleration  or  force,  ON 
represents  the  component  of  that  velocity,  acceleration,  or  force  in  the 
direction  OX. 

Take  a  vector  Ol  of  unit  length  along  OX.     Let  /  denote  this  vector. 

Then  the  scalar  product  of  OP  and  /  =  /•./=  r ./.  cos  NOP  =  ON. 

.*.  the  orthogonal  projection  of  a  displacement  vector  r  upon  a  direction 
OX  is  the  scalar  product  of  r,  and  a  unit  vector  /  in  the  direction  OX. 

The  relation  between  the  rectangular  and  polar  cordinates  of  a  point  may 
now  be  expressed   in   the   language   of   vector 
algebra. 

Take  rectangular  axes  OX  and  OY  through  O. 

Let  x,  y,  be  the  rectangular  and  r,  0  the  polar 
co-ordinates  of  P,  and  consider  r  as  a  vector  in 
the  direction  OP. 

Take  unit  vectors  OI  =  /  and  OJ  =  j  along 
OX  and  OY. 

Then  x  and  y  are  the  projections  of  r  on  OX 
and  OY. 

x  =  r .  i  =  r .  i .  cos  XOP  =  r  cos  9 
•   y  =  rj  =  r .  i  .  cos  POY  =  r  cos  (90°  —  0)  =  r  sin  6 

Thus  we  may  calculate  x  andj  when  r  and  0  are  given. 

EXAMPLE.  —To  find  the  projections  of  the  vector  5,2o  on  the  axes  OX  and  OY. 

In  this  and  the  following  examples  we  shall  take  the  base  line  OX,  with  reference 


FIG.  137. 
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to  which  the  directions  of  vectors  are  specified  to  be  the  same  as  the  axis  OX  of 
rectangular  ordinates. 

If  /  andy  are  unit  vectors  along  OX  and  OY  (Fig.  137), 

Projection  of  532o  on  OX  =  ON  =  5  ./  =  5  .  I  .  cos  32°  =  4-24 
,,  532o  on  OY  =  OM  =  5  J  =  5 .  i  .  cos  58°  =  2-6495 

If  the  projections  of  a  vector  on  two  fixed  straight  lines  are  given,  the 
vector  is  determined. 

EXAMPLE. — The  projections  of  a  certain  vector  S  on 
two  fixed  perpendicular  straight  lines  OX  and  OY  are 
I '5  and  2-3.  Find  the  numerical  magnitude  and  the 
direction  of  S. 


In  the  figure  we  have 

ON  =  1-5, 
.'.  OP  =  Vi' 


=  2-3  =  NP 

2-32  =  274S 


FIG.  138. 


and  tan  NOP  =  ~  =  1-533  =  tan  57 
.-.  NOP  =  57° 

and  S  is  the  vector  2*7455,0. 


EXAMPLES.— LXXXVII. 

Draw  two  axes  OX  and  OY  at  right  angles.  Take  OX  as  base  line  from  which 
to  measure  the  directions  of  the  vectors.  Find  the  projections  of  the  following 
vectors  on  OX  and  OY  : — 


1.    2I23o. 

6.  6316go. 


2.    2I67o. 
"•     24.5150. 


3.  32450. 

8-     37280°- 


4.  i9900. 

9-    37.140°- 


5.  63I02o. 

10.    2951so. 


Find  the  numerical  magnitude  and  direction  of  the  vector  S  in  the  following 
cases  : — 


Projection  of  S  on  OX. 

Projection  of  S  on  OY. 

11. 

27 

1*1 

12. 

i'35 

-274 

13. 

-3'46 

2'95 

14. 

-4'7 

-  3*2 

15. 

4'S 

-5'2 

168.  Resolution  of  Forces  and  Velocities. 

EXAMPLE  (i). — A  boat  is  moving  at  the  rate  of  7  miles  an  hour  in  a  direction 
40°  £.  of  N.     At  what  rates  is  it  moving  east  and  north  ? 

If  we  take  a  straight  line  drawn  from  W.  to  E.  as  a  base  line,  we  have  to  find  the 
projections  of  a  vector  JS9o  on  the  directions  OX  and  OY. 

. '.  required  velocity  in  direction  E 

=  7s,o  X  /  =  7  cos  50°  =  4*4996  miles  per  hour 
Velocity  in  direction  N 

=  7s,o  X  /  =  7  cos  40°  =  5-3620  miles  per  hour 

These  velocities  are  called  the  rectangular  components  of  the  velocity  758r,  in  the 
directions  E.  and  N. 
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EXAMPLE  (2). — In  Ex.  3, /.  298,  find  the  component  of  the  pulling  force  along  the 
rope  in  the  direction  in  -which  the  boat  is  moving. 

The  magnitude  of  the  required  component  force  is  the  scalar  product  of  a  vector 
of  85  Ibs.  in  the  direction  of  the  rope,  and  a  unit  vector  making  an  angle  of  25° 
with  it, 

=  85  .  I  .  cos  25°  =  77  -03  Ibs. 

Note  that  the  work  done  in  pulling  the  boat  100  ft.  was  found  to  be  7703  ft. -Ibs. ; 
i.e.  it  is  the  product  of  the  -displacement  into  the  component  of  the  force  in  the 
direction  of  the  displacement. 


EXAMPLES.— LXXXVIII. 

In  the  following  examples  find  the  components  of  the  given  forces  along  OX  and 
OY.  The  angle  given  in  each  case  is  the  angle  which  the  direction  of  the  force 
makes  with  OX. 

I.  3537olbs.  2.  35molbs.  3.  35mo  Ibs.  4.  3531j0lbs. 

5.  The  components  of  a  force  along  OX  and  OY  are  35  Ibs.  and  24  Ibs.     Find 
the  magnitude  and  direction  of  the  force. 

6.  The  components  of  a  force  are  156  Ibs.  in  direction  N.  and  142  Ibs.  in  direction 
E.     Find  the  magnitude  and  direction  of  the  force. 

7.  A  truck  weighing  7  tons  is  being  pulled  up  a  gradient  of  I  in  35.     What  is  the 
component  of  its  weight  which  tends  to  pull  it  down  the  track  ? 

8.  A  ship  is  sailing  in  direction  N.E.  at  15  miles  an  hour.     How  many  miles  per 
hour  is  it  travelling  in  a  direction  due  E.  ? 

9.  A  truck  is  running  at  28  ft.  per  second  down  a  gradient  of  I  in  56.     At  what 
rate  in  feet  per  second  is  it  moving  vertically  downwards? 

10.  A  projectile  is  fired  from  a  gun  at  a  speed  of  1800  ft.  per  second  in  a  direction 
making  an  angle   of   15°  with   the  horizontal.      Find   its  horizontal   and   vertical 
velocities. 

II.  A  truck  is  drawn  along  a  line  of  rails  by  means  of  a  rope  passing  round  a 
revolving  drum  at  the  side  of  the  line.     If  the  rope  makes  an  angle  of  17°  with  the 
rails,  what  must  be  the  pull  along  the  rope  in  order  to  give  a  force  of  500  Ibs.  in  the 
direction  of  the  rails? 


159.  Projections  of  the  Sides  of  a  Closed  Polygon. 

Let  OABCDE  be  any  closed  polygon.     Consider  the  sides  OA,  AB,  BC, 


B 


FIG.  139. 

CD,  DE,  EO  as  vectors,  whose  directions  all  pass  the  same  way  round  the 
figure. 

Then  the  sum  of  the  projections  on  any  straight  line  OX  of  OA,  AB,  etc., 
taken  with  their  proper  signs  is  zero. 

For,  let  A!,  BU  C]  ...  be  the  projections  of  A,  B,  C  ...  and  consider 
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the  vectors  OA,  AB,  BC  ...  as  the  displacements  of  a  point  P  as  it  moves 
round  the  figure.  Then,  as  the  point  P  moves  through  A,  B,  C,  etc.,  in 
succession,  its  projection  P!  moves  through  Aly  Bj,  Ct,  etc.  When  the 
moving  point  P  comes  back  to  O  its  projection  Pj  also  comes  back  to  O,  and 
the  total  displacement  of  Px  along  OX  has  been  zero. 

/.<?.  the  sum  of  the  projections  of  OA,  AB,  BC  ...  on  OX  is  zero. 

The  same  reasoning  applies  if  the  projections  are  taken  on  a  line  which 
does  not  pass  through  an  angular  point  of  the  polygon. 

The  vectors  OA,  AB,  BC  .  .  .  above  need  not  be  supposed  actually  to 
form  a  polygon.  It  is  sufficient  that  their  magnitudes  and  directions  are 
such  that  they  could  be  moved  parallel  to  themselves,  so  as  to  form  a  closed 
polygon,  i.e.  their  sum  must  be  zero  whatever  their  positions. 

We  may  state  the  above  theorem  as  follows  : — 

If  the  sum  of  a  number  of  linear  vectors  is  zero,  the  sum  of  their  pro- 
jections on  any  line  is  zero. 

If  the  vectors  OA,  AB,  BC,  etc.,  represent  forces  acting  at  a  point,  they 
are  in  equilibrium  since  their  vector  sum,  which  is  equal  to  their  resultant,  is 
zero.  Thus  the  theorem  of  this  paragraph  leads  to  the  important  theorem  in 
mechanics  that  the  sum  of  the  components  in  any  direction  of  a  system  of 
forces  in  equilibrium  is  zero. 

160.  Distributive  Law  for  Scalar  Products. 

Next  consider  a  number  of  vectors  OA,  AB,  BC,  CD,  DE  whose  sum  is 
OE. 

As  before,  whilst  a  point  P  passes  from  O  to  E,  along  the  vectors  OA,  AB, 

BC,  CD,  DE,  its  projection 

/       B  •»    D  P!  on  OX  passes  through 

~  A,,  Blf  C,,  Dt  to  Elf  and  P, 

has  altogether  been  dis- 
placed  for  a  nett  distance 
OE,,  which  is  the  projection 
ofOE. 

.'.  the  sum  of  the  pro- 
FIG.  140.  jections    of    a    number    of 

vectors  OA,  AB,  .  .  .  DE  is 
equal  to  the  projection  of  their  sum  OE. 

As  before,  this  result  holds  good  whatever  the  position  of  the  vectors 
considered. 

In  the  figure  let  a,  b,  c,  d,  e,  /be  the  vectors  OA,  AB,  BC,  CD,  DE,  OE 
respectively. 

We  have  a  +  b  +  c  +  d  +  e=f. 

Then,  if  /'  be  a  unit  vector  along  OX,  the  projection  of  any  vector  a  on  OX 
is  the  scalar  product  / .  a,  and  we  have  shown  that  the  sum  of  the  projections 
of  a,  b,  c,  d,  e  is  equal  to  the  projection  of  their  sum  /. 

/.  i(a  +  b  +c  +  d  +e)  =  if  =  ia  +  ib  +  io  +  id  +  ie 

Let  p  be  a  vector  of  any  size  along  OX.  Then,  since  /  is  of  unit  length, 
pi  =  p,  and  multiplying  both  sides  of  the  above  equation  by  p,  we  get 

p(a  +  b  +  o  +  d  +  e)  =  pa  +  pb  +  pc  +  pd  +  pe 

This  is  the  Distributive  Law  for  scalar  products  of  two  vectors.  We 
have  already  pointed  out  that  this  law  holds  when  the  sum  of  a  number  of 
vectors  is  multiplied  by  a  scalar  quantity,  we  have  now  shown  that  it  also 
holds  when  the  sum  of  a  number  of  vectors  is  multiplied  by  another  vector 
so  as  to  form  a  scalar  product. 
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EXAMPLES.— LXXXIX. 

1.  If  a  =  34,o,  b  =  Siiso,  0  =  4,,0,  find   the  vector  sum  a  +  b,  and  the  scalar 
products  c(a  +  6),  ca,  and  cb,  and  verify  that  c(ot  +  6)  =  ca  +  cb. 

2.  Verify  in  the  same  way  that  c(a  —  6)  =  ca  —  cb  for  the  case  when  a  =  2'7T,o, 


161.  Calculation  of  the  Sum  of  a  Number  of  Vectors. — The  dis- 
tributive law  for  scalar  products  gives  a  method  of  calculating  the  sum  of  any 
number  of  vectors. 

Let  the  vector  S  be  the  sum  of  the  vectors  a,  b,  c,  d.     We  have 

a  +  b  +c  +  d  =  S 

Taking  unit  vectors  /  and  j  along  the  axes  of  x  and  y,  we  have  by  the 
distributive  law 

a;  +  bi  +  ci  +  di  =  Si 

Or,  in  words,  the  projection  of  S  on  the  axis  of  x  is  equal  to  the  sum  of  the 
projections  a,  b,  c,  and  d  on  the  axis  of  x. 
So  also 

aj  +  bj  +  cj  +  dj  =  Sj 

Or,  the  projection  of  S  on  the  axis  of  y  is  equal  to  the  sum  of  the  projections 
of  a,  b,  c,  and  d  on  the  axis  of  y. 

We  thus  calculate  the  projections  of  the  required  vector  sum  on  the  two 
axes. 

The  numerical  magnitude  of  S  is  equal  to  the  square  root  of  the  sum  of 
the  squares  of  Si  and  Sj.  Also  the  tangent  of  the  angle  which  S  makes  with 

OX  =  J-.  and  thus  the  direction  of  S  is  found, 
or 

EXAMPLE. — Let  a  =  3,30,  6  =  4,Mo,  c  =  2M,o.  Calculate  the  value  of  the  vector 
sum  S  =  a  +  b  +c. 

Take  the  base  line  from  which  the  given  angles  are  measured  as  the  axis  of  x,  and 
a  straight  line  OY  perpendicular  to  it  as 
the  axis  of  y.  w 

Then  we  have  seen  that  the  sum  of 
the  projections  of  a,  b,  C  on  OX  is  equal 
to  the  projection  of  S  on  OX  ;  i.e.  in 
the  figure,  OA,  +  A,B,  +  B,C,  =  OC,, 
each  projection  being  taken  with  its 
proper  sign. 

Therefore,  if  /  be  a  unit  vector  in  the 
direction  OX, 

sum  of  projections  of  a,  6,  and  c  on  OX 
=  ai  +  bi  +  c/  =  3  cos  62°  +  4  cos  165° 

+  2  COS  280°  — 

=  3  xo'4695-4  x  0-9659  +  2  x  0-1736 
=  —  2*1079  =  projection  of  S  on  OX 

=  Si  =  OC, 
Similarly,  if  y  is  a  unit  vector  in  direction  OY, 

sum  of  projections  of  a,  b,  and  C  on  OY 

=  aj  +  bj  +  cj  =  3  sin  62°  +  4  sin  165°  +  2  sin  280° 

=  3  X  0-8829  +  4  X  0-2588  —  2  X  0-9848 

=  1-7143  =  projection  of  S  on  OY  =  Sj  =  OC3 


0 

FIG.  141. 
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.«.  s2  =  ocv  +  c,cz2  =  (Sir  +  (Sj? 
=  (-  2-108)'  +  (i-7i4)2  =  7-38 


To  find  the  direction  of  5,  we  have,  if  6  be  the  angle  which  5  makes  with  OX, 


/.  0  =  (180°  -  39°)  = 
/.  S  =  2717,4,0 

The  student  should  compare  this  value  of  8  with  the  value  obtained  by  construction 
and  measurement. 

Similarly,  to  calculate  the  value  of  S  =  a  —  b  +  c,  we  find  the  values  of 
ai  —  bi  +  ci  and  aj  —  bj  +  cj,  which  are  the  projections  of  S  on  the  axes,  and  thus 
the  value  of  S  may  be  calculated. 

The  same  method  may,  of  course,  be  used  when  the  vectors  are  forces,  in  order  to 
find  their  resultant. 

EXAMPLES.  —  XC. 

Work  Examples  LXXXL,  Nos.  1  to  9,  by  calculation,  and  compare  with  the 
results  previously  obtained  by  construction. 

11.  The  following  forces  act  at  a  point  O  :  — 


5s«°>     7»5°>     3l4»°l     522S°l 

The  magnitude  of  each  face  is  given  in  pounds,  and  the  given  angles  are  the  angles 
which  the  respective  forces  make  with  a  straight  line  OX.  Find  the  magnitude  and 
direction  of  the  resultant  of  the  given  forces  both  by  calculation  and  construction. 

12.  The  following  forces  act  at  a  point.     Find  their  resultant  by  calculation  and 
construction. 

661o,  8100o,  3m°>  4z3o°>  934»°- 

13.  AB,  BC,  CD  .  .   .  are  straight  passages,  called  drifts,  in  a  mine  in  the 
same  horizontal   plane.     Their  lengths  and    the  angles  which   they  make,  with   a 
straight  line  running  from  S.  to  N.,  are  measured  as  follows  :  — 

Drift.  Length  (links).        Angle  with  meridian. 

AB  265  180° 

BC  128  92° 

CD  104  142° 

DE  71  67-5° 

EF  292  156° 

FG  -  633  260° 

What  would  be  the  length  and  direction  of  a  drift  bored  from  B  to  G  ?  Work  both 
by  calculation  and  construction,  and  compare  results. 

14.  With  the  same  data  as  in  the  last  example,  it  is  required  to  bore  from  some 
point  in  the  drift  FG  a  drift  which  shall  come  out  at  B,  and  be  in  the  same  straight 
line  with  BA.    Calculate  the  distance  from  F  of  the  point  from  which  the  new  boring 
must  start,  the  angle  between  the  new  boring  and  FG,  and  the  length  of  the  new 
boring.     Verify  by  construction. 

NOTE.  —  If  K  be  the  required  point  on  FG,  the  sum  of  the  projections  of  BC, 
CD,  DE,  EF,  FK,  on  an  axis  at  right  angles  to  AB  is  zero. 

15.  A  drift  is  to  be  bored  from  D  to  G.    What  is  its  length,  and  what  angle  does 
it  make  with  CD? 

162.  Centre  of  Gravity  of  a  Number  of  Particles.  —  The  distributive 
law  gives  a  proof  of  the  method  of  finding  the  rectangular  co-ordinates  of 
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the  centre  of  gravity  of  a  number  of  weights  at  points  whose  co-ordinates  are 
known. 

It  was  proved  in  p.  294  that  if  G  is  the  centre  of  gravity  of  weights  »ij  at 
P,,  m.z  at  P2 .  m3  at  P3  .  .  .  and  O  is  any  point,  then,  in  the  notation  of  vector 
algebra, 

Take  two  rectangular  axes  OX  and  OY.  Let  (x^y^  (x^y^)  ...  be  the 
co-ordinates  of  P,,  P2,  .  .  .  and  let  (x,  y)  be  the  co-ordinates  of  G. 

Form  the  scalar  product  of  each  side  of  the  above  equation  with  the  unit 
vector  /  along  OX. 

Then,  by  the  distributive  law, 

(*»!  +  mz  +  tn3  +  .  .  .)OG/  =  ml .  OP1  .i+m2.  OP2 .  /  +  ma  .  OP3 ./  +  ... 
But  OG .  /  =  x  ;  OPi/  =  xl ;  OPa/  =  *,... 

•  m3x3  +  .  .  . 


= 
- 


Or,  as  it  is  usually  written, 


where  2(w^r)  denotes  the  sum  of  all  the  terms  of  the  form  mx. 
Similarly,  by  multiplying  by  a  unit  vector/  along  OY,  we  get 


EXAMPLE.  —  Find  the  co-ordinates  of  the  centre  of  gravity  of  the  following  weights  : 
I  Ib.  at  the  point  (i,  2*5)  ;  2  Ibs.  at  (o'5,  i)  ;  3  Ibs.  at  (r6,  1-5)  ;  4  Ibs.  at  (1-9,  o'S)  ; 
6  Ibs.  at  (2-5,  2-5)  ;  3  Ibs.  at  (3-2,  1-9). 

We  have 


x-  ^mx)  =  (i  x  i)  +  (2  x  0-5)  +  (3  x  1-6)  +  (4  x  1-9)  +  (6  x  2-5)  +  (3  x  3-2) 
2(/«)  1  +  2  +  3  +  4  +  6  +.3 


Similarly 


-  _  ?(my)  _  (I  X  2-5)  +  (2  X  I)  +  (3  X  I"5)  +  (4  X  d'5)  +  (6  X  2-5)  +  (3  X  1*9) 

1+2 


19 

.*.  the  centre  of  gravity  is  a  point  G  whose  co-ordinates  are  (2*053,  1'6?). 

EXAMPLE.  —  Find  and  show  in  a  figure  the  position  of  the  centre  of  gravity  of  the 
following  weights  at  the  points  given  by  the  corresponding  values  of  x  and  y. 


Weights 

4 

3 

6 

2 

3 

x 

2 

4-2 

2'S 

I  '2 

3 

y 

3'5 

2-3 

4'5 

3'I 

2 

Answer  x  —  2'6i. 

y  =  3'34- 

X 
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163.  Principles  of  Virtual  Work  and  virtual  Velocity.- -If  the 
vectors  a,  b,  c,  d,  e  are  forces  acting  at  a  point,  and  a  displacement  p  is  given 
to  their  point  of  application,  while  their  directions  remain  unchanged,  the 
scalar  products  in  the  equation 

pa+pb  +  pc  +  pd  +  pe  =  p(a+b  +  c  +  d  +  e)  =  pf 

give  the  work  done  by  each  force  and  by  the  resultant  /,  and  the  distributive 
law  expresses  the  theorem  that  the  sum  of  the  work  done  by  all  the  forces  is 
equal  to  the  work  done  by  their  resultant. 

If  the  forces  are  in  equilibrium  their  resultant  is  zero,  and  the  sum  of  the 
work  done  by  all  the  forces  is  zero. 

This  is  the  principle  of  Virtual  Work  in  mechanics. 

Similarly,  if  p  is  the  velocity  of  the  point  of  application  of  the  forces,  the 
scalar  products  are  the  powers,  or  rates  of  doing  work  of  the  respective 
forces  and  of  their  resultant. 

The  distributive  law  then  expresses  that  if  the  point  of  application  of  the 
forces  be  supposed  to  have  any  velocity,  the  sum  of  the  powers  of  the  various 
forces  is  equal  to  the  power  of  their  resultant.  Or,  if  they  are  in  equilibrium, 
the  sum  of  their  powers  is  zero.  This  is  the  principle  of  Virtual  Velocities 
in  mechanics. 


164.  Use  of  Brackets. — We  may  now  extend  the  distributive  law  to  the 
multiplication  of  two  expressions  in  brackets. 
Consider  the  scalar  product 

(a  +  b)(c  +  d) 

(a  +  b)  denotes  a  single  vector,  which  is  the  vector  sum  of  a  and  b. 
.'.  by  the  distributive  law,  as  shown  in  §  160, 

(a  +  6)(c  +  d)  =  (a  +  6)c  +  (a  +  b)d 

We  now  get  the  sum  of  two  separate  products  (a  +  b)c  and  (a  +  b)d,  and, 
applying  the  distributive  law  to  each  of  these,  we  get 

(a  +  6)(c  +  d)  =  etc  +  bo  +  ad  +  bd 

This  may  be  extended  to  the  scalar  product  of  two  brackets  containing 
any  number  of  terms  connected  by  plus  or  minus  signs,  since,  for  any  vector 
having  a  minus  sign,  we  may  substitute  a  positive  vector  in  the  opposite 
direction. 

We  have  previously  shown  that  the  commutative  law  ab  =  ba  holds  good 
for  the  scalar  products  of  two  vectors.  Since  each  bracket  denotes  a  single 
vector,  this  law  also  holds  good  for  the  scalar  product  of  two  brackets  con- 
taining vectors  connected  by  the  plus  or  minus  signs. 

All  the  operations  of  ordinary  scalar  algebra  involving  the  use  of  brackets 
and  the  multiplication  of  not  more  than  two  quantities,  can  be  shown  to 
depend  on  these  two  laws,  the  distributive  law  and  the  commutative  law. 

It  follows  that  we  may  proceed  with  the  scalar  products  of  two  vector 
expressions  of  the  first  degree,  exactly  as  with  products  of  two  scalar 
quantities  in  ordinary  algebra.  E.g.  the  result 

(a  +  6)*  =  a*  +  206  +  6* 

holds  good  when  a  and  6  are  vectors ;  a  +  6  means  their  vector  sum,  at> 
means  the  scalar  product  of  a  and  b,  and  the  squares  as  shown  in  §  1 54  are 
the  squares  of  the  numerical  magnitudes  of  the  vectors  a  +  d,  a,  and  b  :  for 
the  proof  of  this  result  in  ordinary  scalar  algebra  only  depends  on  the  dis- 
tributive law,  and  therefore  holds  equally  well  for  vector  algebra. 
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EXAMPLE. —  To  prove  that  the  sum  of  the  squares  on  the  two  sides  containing  the 
right  angle  of  a  right-angled  triangle  is  equal  to  the  square  on  the  hypothaiuse. 

Let  BC,  CA  be  two  vectors  a  and  6  at  right 
angles,  and  let  the  vector  BA  =  c.  Then,  by  vector 
addition,  c  =  a  +  b. 

Squaring,  we  get 

c*  =  a2  +  206  +  62 
or,  since  a2  =  a2,  62  =  F,  ab  =  ab  cos  BCA,  c2  =  c* 


e*  =  a?  +  2ab  cos  90°  +  b* 
=  a*  +  P 


FIG.  142. 
i.e.  the  sum  of  the  squares  on  BC  and  CA  is  equal  to  the  square  on  AB. 


165.  General  Proof  of  the  Formula 

cos  (0j  —  02)  =  cos  0,  cos  02  +  sin  0,  sin  6t 

This  formula  has  already  been  proved  in  Chapter  IV.,  for  the  case  where 
0!  and  02  are  acute  angles.     We  can  now 
prove  it  for  the  case  when  6^  and  62  are 
angles  of  any  magnitude. 

Take  two  points,  Pj  and  P2,  whose 
polar  co-ordinates  are  (rlt  #,)  and  (r2,  #2). 
Let  (•**!,  .Xi)  and  (x^  y^)  be  the  rectangular 
co-ordinates  of  P!  and  P2. 

Regard  jr,,  t/,,  r,  as  vectors  in  directions 
ON,,  N!?!,  0?!,  so  that  by  vector  addition 


and  similarly 


=  x,  +  yt 


Forming  the  scalar  product  of  r\  and 
*,  we  get 


=  Xjjr,  +  x# 
by  the  distributive  law, 

=  XtXj  +  yty 


FIG.  143. 


tj        tt 

since  the  scalar  product  of  two  perpendicular  vectors  is  zero. 
/.  putting  in  the  values  of  the  scalar  products,  we  get 

-      cos  o°  +  y^y^  cos  o° 


cos  P2OPj  = 
cos 


f\      r2          r\     **2 

=  cos  0j  cos  03  +  sin  6±  sin  02 

This  proof  holds  for  any  values  of  01  and  02.     We  may  therefore  write 
-  02  for  02,  and  we  get 

cos  (0i  +  02)  =  cos  6l  cos  $2  —  sin  &l  sin  6t 
By  changing  0,  to  6l  +  -,  we  get,  since 
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02  +  ^  J  =  -  sin  (d, 


cos 

cos  (dl  +  ~  J  =  —  sin  #!,  sin  f  0t  +  ^  j  =  cos  0, 

.'.  sin  (#!  +  02)  =  sin  0j  cos  62  +  cos  0j  sin  02 
and,  changing  the  sign  of  02,  we  get 

sin  ($!  —  $2)  =  sin  0,  cos  02  —  cos  GI  sin  02 

EXAMPLES.  —  XCI. 

1.  Prove  the  formula  in  trigonometry, 

a2  =  J2  +  c1  —  2bc  cos  A 
by  vector  algebra. 

2.  If  R  is  the  resultant  of  two  forces,  P  and  Q,  acting  at  a  point  so  that  8  is  the 
angle  between  P  and  Q,  prove  that 

R2  =  P*  +  Q2  +  2PQ  cos  0. 

3.  ABC  is  a  triangle,  and  D  is  the  mid  point  of  BC.     Prove  that 

AB2  +  AC2  =  2AD2  +  2DB2. 

4.  With  the  same  figure  as  in  question  3,  prove  that 

AD2  -  DC2  =  AB  .  AC  cos  A. 

6.  Prove  that  the  sum  of  the  squares  of  the  distances  of  the  two  ends  of  a  diametei 
of  a  given  sphere  from  a  given  point  is  the  same  whatever  diameter  be  taken. 

6.  Explain  the  physical  meaning  of  the  commutative  law  for  scalar  products  when 
the  two  vectors  are  a  force  and  a  displacement  respectively. 

7.  a,  b,  c,  and  d  are  the  sides  of  a  quadrilateral,  none  of  whose  angles  are  greater 
than  1  80°.     a  and  j8  are  the  angles  between  a,  b  and  b,  c  respectively  ;  7  is  the  angle 
between  a  and  c  when  they  are  produced  to  meet,     a,  /3,  and  7  are  taken  as  the 
angles  which  face  towards  d  at  each  point  of  intersection.     Prove  that 

J2  =  a*  +  b"1  +  c*  —  tab  cos  a  —  zbc  cos  $  —  2ca  cos  7. 


166.  Field  of  a  Vector. — This  section  is  chiefly  intended  for  students  of 
electricity. 

Consider  the  case  of  a  stream  of  water  in  steady  motion.  At  every  point 
in  the  interior  of  the  stream  the  velocity  of  the  water  is  a  vector  having  a 
definite  magnitude  and  direction. 

If  any  vector  satisfies  this  condition  throughout  any  region  of  space, 
that  region  is  called  the  field  of  the  vector.  In  the  above  example  the 
region  of  space  occupied  by  the  stream  is  the  field  of  the  velocity  of  the 
water  regarded  as  a  vector. 

Consider  any  limited  space  on  the  earth's  surface,  such  as  the  interior  of 
a  room. 

The  weight  of  a  given  mass  is  a  vector,  which  has  the  same  magnitude 
and  direction  at  every  point  in  the  room.  The  interior  of  the  room  is, 
therefore,  the  field  of  a  vector,  and  when,  as  in  this  case,  the  vector  is  the 
same  at  every  point,  the  field  is  called  a  uniform  field. 

At  every  point  in  the  space  near  the  poles  of  a  magnet  the  magnetic  force 
is  a  vector  which  has  a  definite  value,  and  changes  continuously  as  we  pass 
from  point  to  point.  This  space  may,  therefore,  be  regarded  as  the  field  of 
the  magnetic  force,  and  is  usually  spoken  of  as  a  magnetic  field. 

The  conception  of  a  magnetic  field  is  of  great  importance  in  electricity. 


Multiplication  of  Vectors  3°9 

It  is  usual  to  represent  the  direction  of  tht  magnetic  force  vector  by  lines, 
called  lines  of  force,  supposed  to  pass  through  the  field  so  that  at  every 
point  their  direction  is  the  same  as  that  of  the  force. 

The  magnitude  of  the  force  is  represented  by  the  number  of  lines  which 
cross  a  square  centimetre  of  a  surface  at  right  angles  to  the  direction  of  the 
field.  Thus  in  air  we  may  have  8000  lines  to  the  square  centimetre,  and  in 
iron  18,000  lines  of  induction  per  square  centimetre. 

167.  Flow  or  Flux  of  a  Vector  across  a  Surface.— Consider  the  case 
of  a  stream  flowing  with  uniform  velocity  v  feet 
per  second  at  every  point,  and  suppose  a  plane 
surface  is  drawn  in  the  fluid,  making  an  angle  6 
with  the  direction  of  flow.  Then  we  may  re- 
quire to  find  the  amount  of  fluid  which  flows 
across  a  unit  area  of  the  surface  in  one  second. 

Let  ABCD  be  a  square  of  one  foot  side 
perpendicular  to  the  direction  of  flow,  and 
having  the  side  AB  in  the  given  surface.  Let 
the  lines  of  flow  through  C  and  D  meet  the 
given  surface  in  E  and  F,  and  complete  the 
rectangle  ABEF. 

FIG.  144. 

RO  i 

Then  BEG  =  6  and  BE  =  -^  =  -£-.  ft. 

sin  6      sin  6 

:.  area  ABEF  =  AB  .  BE  =  ^-ff  sq.  ft. 

Now,  since  ABCD  is  one  square  foot  in  area,  and  the  fluid  flows  through 
this  square  at  the  rate  of  v  feet  per  second,  it  follows  that  v  cubic  feet  of  the 
fluid  flow  through  ABCD,  and  therefore  through  ABEF,  in  one  second. 

Therefore  the  volume  of  the  fluid  flowing  through  one  square  foot  of  the 
surface  in  each  second  is 

=  v  sin  6  cu.  ft. 


ABEF 

Sin  d  is  the  cosine  of  the  angle  between  the  vector  u  and  a  unit  normal  n 
drawn  from  the  surface  ABEF  on  that  side  to  which  the  stream  is  flowing, 
and  thus  we  may  also  state  the  above  result  as  follows : — 

The  volume  of  fluid  flowing  through  one  square  foot  of  the  surface  in  each 
second  is  equal  to  the  scalar  product  of  the  vector  u  and  a  unit  normal  drawn 
from  the  surface  on  the  side  to  which  the  stream  is  flowing. 

For  example,  in  a  stream  flowing  uniformly  at  10  ft.  per  second,  the  flow 
per  square  foot  across  a  surface  making  an  angle  of  40°  with  the  stream 
lines  is 

10  sin  40°  =  6-428  cu.  ft.  per  second 

Similarly,  we  may  say  that  in  any  vector  field  the  flow  or  flux  of  the  vector 
across  unit  area  of  a  surface  is  the  scalar  product  of  the  vector  and  a  unit 
normal  drawn  from  the  surface  on  the  side  to  which  the  vector  passes.  An 
important  example  of  this  occurs  in  the  case  of  the  magnetic  field  where  the 
flow  of  the  magnetic  induction  vector  across  a  surface  in  the  field  is  spoken 
of  as  the  magnetic  flux  per  unit  area  across  that  surface. 

EXAMPLE. — /«  a  magnetic  field  0/6000  lines  per  square  centimetre,  to  find  tht  Jtux 
per  square  centimetre  across  a  surface  making  an  angle  0/35°  with  the  field. 
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Here  the  angle  between  the  normal  and  the  field  is  55°,  and  therefore  the  flux 
across  the  surface  is  6000  XIX  cos  55°  =  3442  lines  per  sq.  cm. 

EXAMPLES. — XCII. 

1.  If  the  intensity  of  a  magnetic  field  in  air  is  8000  lines  per  square  centimetre, 
find  the  flux  across  surfaces  inclined  at  angles  of  (a)  85°,  (t)  45°,   (c)   5°,   to   the 
direction  of  the  field. 

2.  The  intensity  of  a  magnetic  field  in  iron  is  18,000  lines  of  induction  per  square 
centimetre.     Find  the  flux  per  square  centimetre  across  surfaces  inclined  at  angles  of 
(a)  77°,  (6)  61°,  (<r)  43°,  (d)  2°,  to  the  field. 

3.  Find  the  flux  per  square  centimetre  across  a  surface  inclined  at  an  angle  of  61° 
to  the  direction  of  a  field  of  12,400  lines  per  square  centimetre. 

4.  0^525  inches  of  rain  fell  on  a  certain  day.     How  many  cubic  feet  of  water  fell 
on  a  roof  252  sq.  yds.  in  area,  and  inclined  at  an  angle  of  40°  to  the  vertical  ?     The 
rain  is  supposed  to  fall  vertically. 

NOTE. — The  expression  "  one  inch  of  rain  "  means  that  if  the  rain  which  falls  on  a 
horizontal  surface  is  not  allowed  to  escape,  it  will  cover  the  surface  to  a  depth  of 
one  inch. 

5.  A  stream  is  flowing  at  7*3  miles  per  hour.     Find  the  flow  per  square  foot  per 
hour  across  a  surface  making  an  angle  of  30°  with  the  stream. 

6.  A  valley  runs  east  and  west,  and  its  sides  have  a  mean  slope  of  20°  to  the 
horizontal.     Compare  the  quantities  of  sunshine  received  per  square  yard  by  the  two 
sides  of  the  valley  when  the  sun  is  due  south  at  an  elevation  of  70°. 

168.  Vector  Products. 

Definition. — The  vector  product  of  two  vectors  a  and  6  is  a  vector  c,  whose 
numerical  magnitude  is  ab  sin  Q,  where  6  is  the  angle  included  between  a 
and  6.  Its  direction  is  perpendicular  to  the  plane  of  a  and  6,  and  is  such  that 
to  a  person  facing  in  the  direction  of  c  a  clockwise  rotation  passes  from  a  toft. 

The  vector  product  is  written  Vab. 

We  may  state  the  direction  in  another  way,  by  saying  that  if  the  angle  6 
is  always  measured  from  a  to  6  in  a  counter-clockwise  direction,  then  a 
positive  value  of  the  vector  product  ab  sin  6  indicates  that  it  is  directed 
towards  the  spectator;  a  negative  value,  that  it  is  directed  from  the 
spectator. 

The  rule  for  direction  is  most  easily  remembered  by  imagining  that  an 
ordinary  right-handed  screw  is  being  turned  from  a  to  6  in  the  direction  in 
which  6  is  measured.  Then  the  screw  will  move  forward  in  the  direction  of 
the  vector  product  c 


FIG.  146. 

E.g.,  in  Fig.  145,  if  a  right-handed  screw  is  turned  from  a  to  6  it  will 
pass  down  into  the  paper,  and  accordingly  the  direction  of  the  vector 
product  Vab  is  down  into  the  paper  and  perpendicular  to  it. 

In  Fig.  146,  if  a  right-handed  screw  is  turned  from  a  to  6  it  will  move 
forward  from  the  paper  towards  the  spectator,  and,  therefore,  the  direction 
of  I^a6  is  towards  the  spectator. 

169.  Geometrical  Representation  of  the   Vector  Product. — Let  a 
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and  6  be  two  displacement  vectors,  and  construct  a  parallelogram  of  which 
they  are  two  adjacent  sides.  Then  ab  sin  6  is  equal  to  the  area  of  this 
parallelogram.  We  may  thus  obtain  a  way  of  looking  at  the  vector 
multiplication  of  two  vectors  as  a  process  in  the  geometry  of  motion. 

We  may  say  that,  to  form  the  vector  product  Vab  of  a  multiplied  by  6,  we 
move  the  vector  a  parallel  to  itself  through 

a   displacement    equal    to    the  vector  b.  A 

Then  draw  a  line  at  right  angles  to  the 

plane  of  the  parallelogram  thus  traced  out, 

in  the  direction  given  by  the  above  rule, 

and  mark  off  along  it  a  length  numerically 

equal  to  the  area  of  the   parallelogram. 

Then  this  line  of  definite  length   is   the  ^ 

vector  product  of  a  and  6.  QL~  ~^T 

Students  familiar  with  the  working  of 
Amsler's  planimeter  will  note  that  if  a  is  FlG-  '47- 

the  free  arm  carrying  the  roller,  the  instru- 
ment registers  the  numerical  magnitude  of  the  total  vector  product  of  the 
length  of  the  arm  a  regarded  as  a  vector,  and  the  vector  displacement  of  the 
tracing  point. 

It  can  be  shown  that  areas  swept  out  by  rotation  of  the  free  arm  cancel 
each  other  in  passing  round  a  closed  curve,  and  that  the  area  enclosed  in  the 
curve  is  equal  to  the  total  vector  product  as  registered  by  the  rolling  wheel. 

We  may  now  express  the  rule  for  the  direction  of  the  vector  product  in 
another  way.  If  the  paper  is  held  facing  the  observer,  so  that  a  points 
upwards,  then,  if  a  is  moved  to  the  right  through  the  displacement  6,  the 
vector  product  Vab  is  directed  away  from  the  observer  ;  while,  if  a  is  moved 
to  the  left,  Vab  is  directed  towards  the  observer. 

170.  Commutative  Law. — In  multiplying  two  numbers  together  it 
does  not  matter  which  we  take  first,  i.e.  ab  =  ba,  and  we  have  shown  that  the 
same  law  is  true  of  scalar  products.  Vector  products,  however,  do  not  obey 
this  commutative  law. 

In  the  figure,  the  direction  of  the  vector  product  Vab  is  found  by  imagining 
that  a  right-handed  screw  is  turned  from  a  to 

b.     It  will  pass  down  into  the  paper  so  that  B A 

the  direction  of  Vab  is  away  from  the  observer.  I  7  7 

To  find  the  direction  of  Vba  we  suppose  a  /  al  / 

right-handed  screw  to  turn  in  the  opposite  /  /  / 

direction  from  6  to  a  ;  in  this  case  it  will  move          / — ~f — -fe — ^ -j 

up  through  the  paper  towards  the  observer.         /          —a*  / 

Thus  the  direction  of  Vba  is  opposite  to  that       III 
of  Vab. 


The  two  products  Vba  and  Vab  have  the  FIG.  148. 

same  numerical  magnitude  ab  sin  6  =  ba  sin  6. 

:.    Vab  and  Vba  are  equal  in   numerical  magnitude,  but  opposite  in 
direction  or  sign. 

We  get  the  law 

Vab=  -Vba 

This  is  an   important  difference  between  vector  products  and  scalar 
products,  which,  as  we  have  seen,  satisfy  the  corresponding  law 

06  =6a 

We  get  the  same  result  by  taking  into  account  the  direction  in  which  6  is 
measured  in  calculating  the  magnitude  of  the  vector  product,  for,  if  ab  sin  6 
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is  positive  when  0  is  measured  from  a  to  6,  it  will  be  negative  when  6  is 
measured  from  b  to  a,  i.e.  when  the  sign  of  6  is  changed. 

171.  Rule  of  Signs. — Vector  products  obey  the  same  rule  of  signs  as  the 
products  of  scalar  quantities. 

For  consider  the  effects  of  a  change  of  sign  in  a  or  6,  or  both,  on  the 
vector  product  Vab.  (Fig.  148.) 

If  a  screw  passes  downwards  when  turned  from  a  to  6  at  O,  it  will  pass 
upwards  when  turned  from  a  to  —  6, 

/.  V(ab)  =  -  V(a  .  -  b) 

So  also,  if  turned  from  —  a  to  —  b  at  O,  the  screw  will  move  forwards  in 
the  same  direction  as  when  turned  from  a  to  b. 

/.  Vab  =  V(-a.-b) 

Thus  the  "  rule  of  signs  "  of  ordinary  scalar  algebra  also  applies  to  vector 
products. 

The  working  of  an  Amsler's  plani  meter  affords  an  illustration  of  the  rule 
of  signs  as  applied  to  vector  products.  The  wheel  registers  positive  vector 
products  by  rolling  one  way,  and  negative  vector  products  by  rolling  the 
opposite  way,  thus  automatically  adding  the  products  up  with  their  proper 
signs.  The  student  who  is  accustomed  to  use  a  planimeter  is  probably 
familiar  with  the  fact  that  if  the  tracing  point  is  taken  the  wrong  way  round 
the  area  to  be  measured,  the  result  is  measured  backwards  from  the  zero 
point,  i.e.  with  a  negative  sign. 

EXAMPLE  (i). — Find  the  vector  products  V(349o  .  5,22o)  and  V(6M2o  .  5ioo°)- 
The  angle  8  between  34Bo  and  5122o  is  73°. 

.'.  V(348o .  5mo)  =  3  x  S  X  sin  73° 
=  I4'34 

in  a  direction  perpendicular  to  the  plane  of  the  paper, 
and  towards  the  observer. 

Similarly  V(5mo .  349o)  is  a  vector  14*34  directed 
away  from  the  spectator. 

The  angle  between  62S2o  and  5,000  is  152°. 

.'.  V(62S2o .  5,000)  =  6  X  5  X  sin  152° 
=  14-085 

in  a  direction  away  from  the  observer. 

172.  Magnetic  Field. 

EXAMPLE  (2). — If  a  straight  conductor ;  carrying  a  current  ofC  amperes,  ft  placed 
in  a  uniform  magnetic  field  of  intensity  B  lines  per  square 
\  centimetre,  it  experiences  a  force  of  F  dynes  <per  unit  length. 
v — >•  The  value  and  direction  of  F  are  given  by  the  equation 


B 


Note  that  F,  C,  and  B  are  vectors. 


~\  Find  the  force  experienced  by  a  straight  wire,  carrying  a 

C  current  of  3  amps.,   in  a  field  of  intensity  5000  lines  per 

FIG.  150.  square  centimetre.     The  direction  of  the  current  makes  an 

angle  of  60°  -with  the  magnetic  field. 
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=  T"&  •  3  •  S°°°  •  sm  60°  =  lj°°  dynes 

.*.  the  wire  experiences  a  force  of  1300  dynes  per  centimetre  of  its  length  in  a 
direction  perpendicular  to  the  plane  of  0  and  B,  and  towards  the  observer  if  the 
directions  of  C  and  B  are  as  shown  in  Fig.  150. 

EXAMPLE  (3). — If  a  straight  conductor  be  moved  through  a  magnetic  field  of 
intensity  B  lines  per  square  centimetre,  with  a  velocity  q  cm.  per  second,  an  E.M.F. 
of  E  volts,  per  unit  length  will  be  induced.  The  value  and  direction  of  E  are  given  by 
the  equation 

E  =  V(q  .  B) .  io-§  volts. 

E,  q,  and  B  are  vectors. 

A  straight  wire  in  the  armature  of  a  dynamo  is  being  moved  at  right  angles  to  itself 
with  a  velocity  of  2400  cms.  per  second  through  a  magnetic  field 
of  6000  lines  per  square  centimetre.     The  direction  of  the  wire  is 
at  right  angles  to  the  field  and  to  the  motion.     Find  the  E.M.F. 
induced  in  the  wire. 


E  =  io-$  .  V  .  (qB)  = 

M. 

=  O'i44  volt,  per  cm.  length 

'B ' 

If  the  wire  is  supposed  to  be  perpendicular  to  the  plane 
of  the  paper,  and  to  be  moved  in  the  direction  of  the  arrow,  FIG.  151 

the  induced  E.M.F.  is  directed  from  the  observer. 

EXAMPLES. — XCIII. 

Find  the  following  vector  products  ;  specify  the  direction  of  each  by  reference  to 
a  figure. 

1    y?        6  o  2    y?        7     o  3    V6     o    7 

Q.      V  7250°  *       120°*  *     *  3sO°  •  487°'  ^**     ^(350°/( —  487°)* 

7.  ^(-^o)(-4.To).  8.  V(- 


9.  A  wire  is  moved  with  a  velocity  of  1320  cms.  per  second  at  right  angles  to  its 
length,  across  a  magnetic  field  of  5000  lines  per  square  centimetre,  in  a  direction 
making  an  angle  of  81°  with  the  direction  of  the  field.     What  E.M.F.  will  be 
developed  per  unit  length  of  the  wire  t    Explain  its  direction  by  means  of  a  figure. 

10.  Find  the  force  on  a  wire  carrying  a  current  of  4  amps,  in  a  magnetic  field  of 
intensity  5525  lines  per  square  centimetre,  the  current  making  an  angle  of  65°  with 
the  direction  of  the  field.     If  the  direction  of  the  field  be  taken  from  left  to  right,  ajhd 
the  angle  65°  as  being  measured  in  a  counter-clockwise  direction  from  the  field  to  the 
current,  state  the  direction  of  the  force. 

173.  Distributive  Law. — To  prove  that  vector  products  satisfy  the 
equation 

Va(b  +  c)  =  Vab  +  Vac 

where  the  sign  +  of  course  denotes  vector  addition. 

We  shall  here  confine  ourselves  to  the  case  where  a,  6,  and  c  are  in  the 
same  plane. 

In  the  figure  let  AB  =  a,  AC  =  b,  and  CD  =  c. 

Then  AD  =  6  +  c. 

We  shall  consider  the  vector  products  as  the  result  of  a  geometrical 
process,  as  explained  in  §  169. 

I.  Let  6  and  c  be  both  directed  to  the  same  side  of  a,  as  in  Fig.  152. 

To  form  Va(b  +  c)  we  move  AB  parallel  to  itself  along  AD,  thus  tracing 
out  the  parallelogram  ABED.  Similarly  Vab  is  given  by  the  area  ABFC. 
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And,  since  CF  =  a,  Vac  is  given  by  the  area  CFED. 

And  since  the  three  parallelograms,  AF,  CE,  and  AE,  have  equal  bases, 
and  the  sum  of  the  heights  of  AF  and  CE  is  equal  to  the  height  of  AE,  it 
follows  by  elementary  geometry  that 

ABED  =  ABFC  +  CFED 

i.e.  the  vector  a  traces  out  the  same  area  if  moved  through  the  displace- 
ments b  and  e  in  succession,  as  it  does  if  moved  through  the  displacement 
6  +  c. 

Since,  in  the  figure,  the  three  vector  products  which  occur  are  all  directed 
towards  the  observer,  and  perpendicular  to  the  plane  of  the  paper,  Vab  and 


Mac  are  both  in  the  same  direction,  and  their  sum  may  be  found  by  adding 
the  areas  of  the  corresponding  parallelograms  by  ordinary  arithmetical 
addition, 

/.  Va(b  +c)  =  Vab  +  Vac 

II.  Let  b  and  c  be  directed  to  opposite  sides  of  a,  as  in  Fig.  153. 

Then  the  vector  a  traces  out  the  same  area  if  it  is  moved  parallel  to  itself 
through  the  displacements  CA  and  AD  in  succession,  as  it  does  if  it  receives 
the  displacement  CD. 

/.  V(a)(  -  b)+  Va(b  +  c)  =  Vao 
but  by  the  rule  of  signs  for  vector  products,  §  171, 

V(a)(-b)  =  -  Vab 
.'.  Va(b  +  c)  =  Vab  +  Vao 

Similarly,  if  we  suppose  the  same  displacement  a  is  given  to  6,  c,  and 
6  +  e,  we  obtain  the  equation 

V(b  +  c)a  =  Vba  +  Vca 

which  can  also  be  proved  from  the  former  case  by  reversing  the  order  of 
multiplication,  and  consequently  the  sign  of  each  vector  product. 

We  may  now  extend  the  distributive  law  to  the  case  of  the  vector  product 
of  any  two  factors,  each  of  which  is  regarded  as  the  sum  of  two  or  more 
vectors. 

Let  a  =  d  +  e. 

Then  by  the  above  result 

V(d  +  e)(b  +c)  =  V(d  +  e)b  +  V(d  +  e)c 

=  Vdb  +  Veb  +  Vdo  +  Vec 

This  may,  similarly,  be  extended  to  the  case  where  the  two  factors  contain 
any  number  of  terms  with  either  plus  or  minus  signs. 
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Thus  in  dealing  with  vector  products  we  may  multiply  two  factors  together 
term  by  term,  and  add  the  results  with  their  proper  signs  as  in  ordinary 
algebra,  and  the  result  will  be  the  vector  product  of  the  two  original  factors. 
We  must,  however,  be  careful  to  keep  the  order,  in  which  any  two  terms 
appear  in  a  product,  constant  throughout  the  work.  In  ordinary  scalar 
multiplication  we  might  write  x  (b  +  c)  =  bx  +  ex,  but  this  is  not  true  of 
vector  products. 

The  above  proof  of  the  distributive  law  applies  to  vectors  in  the  same 
plane,  and  it  is  not  necessary  here  to  extend  it  to  the  case  of  vectors  in 
different  planes. 


174.  Moment  of  a  Force. 

Let  P  be  a  force  vector,  and  A  any  point. 

Then  we  know  that  the  moment  of  the  force  P  about  A  is  equal  to  the 
magnitude  of  P  multiplied  by  the  perpendicular  drawn  from  A  to  the  force  P. 
This  is  numerically  equal  to  the  vector  product  of  the 
force  vector  P,  and  a  displacement  vector  OA  equal 
to  a  drawn  from  any  point  O  on  the  vector  P  to  the 
point  A. 

We  consider  the  moment  as  a  vector  whose 
direction  is  that  of  the  axis  about  which  it  tends  to 
cause  rotation. 

Thus  the  moment  of  P  about  A  may  be  defined 
as  the  vector  product  V(P .  a),  and  this  form  of  the 
definition  is  convenient  for  certain  purposes. 

The  point  O  may  be  taken  anywhere  on  the  line 

of  action  of  P.  For,  if  we  take  any  other  point,  such  as  O,  on  P,  the  areas 
of  the  two  parallelograms  formed  by  moving  the  straight  line  representing 
the  force  P  through  displacements  OA  and  OjA  will  be  the  same  by 
elementary  geometry,  and  we  have  shown  that  the  formation  of  vector  pro- 
ducts may  be  represented  by  the  operation  of  forming  these  parallelograms. 


FIG.  154. 


175.  Varignon's  Theorem,  of  Moments.— This  theorem  states  that  if 
P  and  Q  be  two  forces  acting  at  a  point,  then  the  algebraic  sum  of  their 
moments  about  any  point  A  in  their  plane  is 
equal  to  the  moment  of  their  resultant. 

Let  P  and  Q  be  the  two  force  vectors. 

Then  the  vector  P  +  Q  through  O  is  their 
resultant. 

Draw  the  straight  line  vector  OA  =  a. 

Then  moment  of  P  =  V .  Pa 
„        „   Q=V.Qa 
Moment  of  resultant  P  +  Q  =  V(P  +  Q)a 

But  we  have  proved,  in  §  173,  that  when  P,  Q,  and  a  are  in  the  same 
plane 

V  .  Pa  +  V  .  Qa  =  V(P  +  Q)a 

i.e.  moment  of  P  4-  moment  of  Q  =  moment  of  resultant  (P  +  Q). 

Note  that  this  is  true  whether  A  is  inside  or  outside  of  the  acute  angle 
formed  by  P  and  Q  so  long  as  the  vector  products  are  taken  with  their 
proper  signs. 

Thus  we  see  that  this  important  theorem  in  mechanics  is  a  special  case 
of  the  distributive  law  for  vector  products. 
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EXAMPLE — Prove  the  formula 

sin  (0,  —  02)  =  sin  0,  cos  Ot  —  cos  0,  sin  6t 

directly,  by  a  simitar  method  to  that  of  §  165,  using  vector  products  instead  of  scalar 
products. 

176.  Note  on  the  Theory  of  Multiplication.  —Students  often  feel  the 
difficulty  that  the  definitions  of  scalar  and  vector  products  seem  to  be  chosen 
in  an  arbitrary  way.  Why  are  these  called  products  ?  Why  is  the  process 
of  forming  them  called  multiplication  ?  The  following  note  will  make  this 
point  clearer  : — 

In  arithmetic  the  product  of  the  two  integral  numbers  3  and  5  is  denned 
as  the  result  of  taking  3  five  times  over.  But  even  in  arithmetic  we  already 
extend  the  notion  of  a  product  to  cases  where  we  cannot  proceed  in  this 
way. 

E.g.,Jai  finding  the  value  of  2  x  Vs  we  cannot  take  two  v/3  times  over, 
since  ^3  cannot  be  measured  exactly  in  terms  of  any  unit ;  i.e.  it  is  incom- 
mensurable. Similarly,  a  definition  of  the  above  form  does  not  apply  to  such 
products  as  3  x  £,  2  x  —  5,  —  2  x  —  3. 

We  notice,  however,  that  if  a  and  b  are  two  integral  numbers,  the  product 
ab  satisfies  two  important  laws  : — 

(1)  The  commutative  law,  ab  =  ba  ; 

e-g.  3  x  8  =  24  =  8  x  3 

(2)  The  distributive  law,  a(b  +  c)  =  ab  +  ac\ 

t'g-  3x7  =  3x3  +  3x4 

We  take  these  two  laws  together  as  the  definition  of  multiplication  when 
applied  to  any  two  algebraical  quantities,  whether  integral  numbers  or 
fractions,  positive  or  negative,  commensurable  or  incommensurable. 

The  product  ab  of  any  two  algebraical  quantities  a  and  b  is  defined  as  a 
method  of  combining  them  which  satisfies  the  above  two  laws.  By  repeated 
use  of  these  two  laws,  together  with  laws  for  addition  and  subtraction 
previously  found,  we  obtain  all  the  results  of  ordinary  scalar  algebra  involving 
products  of  the  second  degree. 

When  we  seek  to  apply  the  process  of  multiplication  to  vectors  we  find 
the  important  difference  that  vectors  have  direction  as  well  as  numerical 
magnitude,  and  we  have  to  take  this  into  account  in  multiplying  them. 

The  scalar  product  of  two  vectors  is  defined  in  such  a  way  as  to  satisfy 
both  of  the  above  laws.  For  the  vector  product  of  two  vectors  the  second 
law  is  the  same,  while  the  law  Va6  =  —  V6a  takes  the  place  of  the  first  of  the 
above  laws.  The  algebra  which  is  developed  from  the  laws  which  govern 
these  two  species  of  products  supplies  a  powerful  method  of  treating  many 
physical  problems. 
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177.  Rectangular  Co-ordinates  of  a  Point.  —  We  have  seen  that  the 
position  of  a  point  in  a  plane  is  specified  by  two  rectangular  co-ordinates  x 
and  _y,  which  are  its  distances  from  two  perpendicular  axes.  If  these  two 
co-ordinates  are  known,  the  point  is  fixed  in  the  plane.  If,  however,  the 
point  is  not  confined  to  one  plane,  but  may  be  anywhere  in  space,  two 
co-ordinates  are  not  sufficient  to  define  its  position,  for,  even  if  x  and  y  are 
known,  we  may  suppose  the  plane  containing  the  co-ordinates  x  and  y  to 
move  up  and  down  a  third  perpendicular  axis  Oz,  remaining  parallel  to  the 
original  plane  of  the  axes  x  and  y. 

In  order  to  fix  the  position  of  the  point,  we  require  to  know  a  third 
co-ordinate  z,  which  fixes  the  position  on  Oz  of  this  plane  containing  the 
point  P  and  its  co-ordinates  x  and  y.  Thus  three  co-ordinates  are  required 
to  fix  the  position  of  a  point  in  space. 

For  example,  the  position  of  a  point  in  a  room  is  defined  when  we  know 
its  distances  from  two  adjacent  walls  and  the  floor. 

Accordingly,  the  position  of  a  point 
in  space  is  defined  as  follows  :  — 

Take  three  axes  Ox,  Oy,  Oz  at  right 
angles  to  each  other. 

The  position  of  any  point  P  is  defined 
by 

(1)  its  distance  x  measured  parallel 
to  Ox  from  the  plane  Oyz, 

(2)  its  distance  y  measured  parallel 
to  Oy  from  the  plane  Ozx, 

(3)  its  distance  z  measured  parallel 
to  Oz  from  the  plane  Oxy. 

We  may  construct  a  figure  to  show 
the  position  of  the  point  P  as  follows  :  — 

Measure  off  lengths  equal  to  x,  yt 
and  z  along  the  axes  of  Ox,  Oy,  and  Oz 
respectively.  Construct  a  rectangular 

block  or  parallelepiped  having  these  three  lines  as  adjacent  edges,  then  the 
point  P  is  at  the  corner  of  the  block  opposite  to  O. 

The  point  P,  whose  co-ordinates  are  x,  y,  and  z,  is  known  as  the  point 
foj,  *> 

EXAMPLE.  —  To  find  the  position  of  the  point  (2,  I,  3),  set  o/  distances  2  along  Ox, 
I  along  Oy,  3  along  Oz,  and  construct  a  rectangular  block  having  these  three  lines  as 
edges. 

The  point  (2,  I,  3)  is  at  P  in  figure  157.  We  shall  represent  the  position  of 
points  and  lines  in  this  subject  by  parallel  oblique  projection,  as  in  the  figure. 


FlG- 
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FIG.  157. 


The  plane  of  y  and  z  is  supposed  to  be  parallel  to  the  paper  and  facing  the  reader. 
The  lengths  of  the  co-ordinates  y  and  z  will  therefore  be  drawn  correctly  to  scale. 

The  four  edges  of  the  block  parallel  to  Ox  are, 
however,  supposed  to  stand  out  perpendicularly  to 
the  paper  towards  the  spectator  ;  they  are,  therefore, 
foreshortened,  and  appear  to  be  of  less  than  their  true 
length. 

We  shall  find  it  convenient  to  suppose  that  the 
figures  are  looked  at  from  above  the  xy  plane,  and 
from  the  right  of  the  zx  plane. 

We  shall  make  the  angles  xOy  and  'zOx  each 
equal  to  135°,  and  set  off  all  lengths  parallel  to  Ox 
on  a  scale  half  of  that  used  for  y  and  «. 

The  student  should  remember,  however,  that  the 
angles  zOx,  xOy,  yOz,  are  right  angles,  although  it 
is  only  angles  in  planes  parallel  to  yOz  that  are 
drawn  with  their  true  values. 

The  planes  xOy,  yOz,  and  zOx  are  called  the 
three  co-ordinate  planes. 

By  adopting   this   conventional   mode  of  repre- 
sentation, we  are  enabled  rapidly  to  draw  all  figures 
to  scale  on  squared  paper. 
The  axes  of  y  and  z  are  taken  in  the  direction  of  the  ruling,  and  all  lines  parallel 
to  Ox  are  drawn  along  or  parallel  to  the  diagonals  of  the  squares. 

178.  Signs  of  the  Co-ordinates.— 
If  any  co-ordinate  is  measured  from  O 
in  the  direction  shown  in  Fig.  156,  it 
is  positive ;  if  measured  in  the  oppo- 
site direction  parallel  to  the  corre- 
sponding axis  produced  backward,  it  is 
negative. 

E.g.  the  point  (2,  -  1, 3)  is  shown  by 
measuring  the  distance  i  along  yO  pro- 
duced, and  2  and  3  on  the  proper  scales 
along  Ox  and  Oz ;  on  completing  the 
rectangular  block  as  before,  we  get  the 
point  Px  in  Fig.  158. 

The  co-ordinates  of  P2  in  Fig.  158 
are  (-2,  I,  -  i). 

In  this  case  x  is  measured  away 
from  the  spectator  behind  the  plane  of 
FlG  8<  y®2,  and  z  is  measured  below  the  plane 


EXAMPLES.— XCIV. 

Draw  figures  showing  clearly  the  position  of  each  of  the  following  points  : — 
1.  (8,  2,  6).  2.  (10,  3,  5).  3.  (i,  i,  o) ;    (i,  o,  i) ;   (o,  I,  i). 


4.  (i,  o,  o) ;    (o,  i,  o) ;   (o,  o,  i). 
6.  (7,  4,  -  2). 


5.  (-6,5,3). 
7.  (5,  -  6,  -  2). 


179.  Polar  Co-ordinates  of  a  Point. — Consider  the  case  of  a  point  near 
the  door  of  a  room.  Its  position  might  be  defined  as  follows.  Suppose  the 
door  to  be  opened  till  it  passes  through  the  point.  Draw  a  line  from  the 
lower  fixed  corner  of  the  door  to  the  point.  Then  if  we  know  the  length  of 
this  line,  and  the  angle  it  makes  with  a  line  through  the  hinges,  the  position 
of  the  point  is  fixed  in  the  door. 
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These  two  quantities  are  the  polar  co-ordinates,  r  and  6,  of  the  point  in 
the  plane  of  the  door.  If  in  addition  we  know  the  angle  through  which  the 
door  is  opened  the  position  of  the  point  is  fixed  in  space.  We  distinguish 
this  angle  by  the  letter  </>,  and  the 
three  quantities  r,  6,  $  are  the  polar 
co-ordinates  of  the  point  in  space. 

Thus  we  may  define  the  polar  co- 
ordinates of  the  point  P  as  follows  : — 

Take  three  rectangular  axes  as 
before.  Let  P  be  the  point  and  join 
OP.  Let  a  plane  through  OP  and  Oz 
cut  the  plane  O-tj  in  ON. 

Draw  PN  perpendicular  to  the 
plane  O-ry,  and  PM  perpendicular  to 
Oz. 

The  rectangular  block  whose  edges 
are  the  rectangular  co-ordinates  ;r,  y 
and  z  of  P  is  thus  cut  by  a  diagonal 
plane  in  a  section  which  is  the  rect- 
angle ONPM. 

The  polar  co-ordinates  of  P  are — 

(1)  The  distance  r  of  P  from  the  origin. 

(2)  The  angle  6  between  OP  and  the  axis  of  z. 

(3)  The  angle  (f>  between  the  plane  OPN  and  the  axis  of  r. 

NOTE. — The  angle  between  a  straight  line  and  a  plane  is  measured  by  the  angle 
between  the  line  and  its  projection  on  the  given  plane. 

The  point  P  is  known  as  the  point  (r,  6,  <f>).    Note  that  in  the  figure  none 
of  the  three  co-ordinates  r,  8,  <f>  is  drawn  with  its  true  value. 


FIG.  159. 


180.  To  find  the  Rectangular  Co-ordinates  of  a  Point  when  the 
Polar  Co-ordinates  are  given. 

The  angle  OMP  is  a  right  angle,  and  therefore 


OM      z  .        ,  . 

-^rp  =  -  =  cos  6,  and  z  =  r  cos  6 


MP 


Also  —  =  sin  6  and  MP  =  r  sin  6  =  ON. 
Also,  since  OAN  is  a  right  angle,  ^-^  =  cos  <£, 

and  x  =  ON  cos  <£  =  r  sin  6  cos  •/>. 
So  also  ^  =  sin  0, 

and.y  =  ON  sin  </>  =  r  sin  6  sin  <£. 
Thus,  to  convert  polar  to  rectangular  co-ordinates,  we  have 

z  =  r  cos  6 

x  —  r  sin  6  cos  <£ 

y  =  r  sin  6  sin  <f> 


EXAMPLE. — Find  the  rectangular  co-ordinates  of  the  point  whose  polar  co-ordinates 
are  (2,  15°,  40°),  and  draw  a  figurt  showing  its  position. 
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We  have 

*  =  r  cos  9  =  2  cos  15°  =  2  x  0-9659  =  1-932 
x  =  r  sin  0  cos  <p  =  2  sin  15°  cos  40° 

=  2  X  0-2588  X  07660 

=  0-396     ' 
V  —  r  si.n  0  sin  <f>  =  2  sin  1 5°  sin  40° 

=  0-333 

.*.  the  rectangular  co-ordinates  are — 

x  -  0-396 

y  =  0-333 
*  =  i  -932 

The  figure  may  now  be  drawn  in  parallel  projection  from  these  values  of  r,  y> 
and  a. 

EXAMPLES.— XCV. 

Find  the  rectangular  co-ordinates  of  the  points  whose  polar  co-ordinates  are  given 
as  follows,  and  draw  figures  to  scale  : — 

1.  (4,  55°.  44°)-  2.  (3,  37°,  51°).  3.  (3,  45°,  120°). 

4.  (4,  35°,  42°).  5.  (3-2,  52°,  16°).  6.  (2,  31°,  59°). 

7.  (2,  40°,  56°).  8.  (3,  30°,  45°).  9.  (2,  38°,  52°). 

10.  (i,  120°,  52°).  11.  (i,  270°,  90°).  12.  (3,  62°,  122°). 

181.  To  find  the  Polar  Co-ordinates  of  a  Point  when  the 
Rectangular  Co-ordinates  are  given. 

Let  x,  y,  z,  and  r  be  regarded  as  vectors  in  the  directions  shown  by  the 
arrows  in  Fig.  159. 

We  have,  by  vector  addition, 

x  +  y  +  z  =  r 
Squaring 

(JT  +  y  +  z)*  =  r1 

JT*  +  y*  +  z*  +  2xy  +  2yz  +  2zx  =  r* 
where  the  products  are  scalar  products. 

.*.  Xs  +  y  +  z*  +  2xy  cos  90°  +  -zyz  cos  90°  +  T.ZX  cos  90°  =  r* 

But  cos  90°  =  o. 

/.  a*  +y*  +  z*  =  r* 


This  gives  r  =  Jx3  +  yz  +  s2. 


cos  6  =  -  = 


NA     y 
-- 


These  equations  give  r,  0,  and  <£. 

EXAMPLE.  —  Find  the  polar  co-ordinates  of  the  point  whose  rectangular  co-ordinates 
are  (4,  3,  2). 

NOTE.  —  In  examples  such  as  this  the  student  should  always  draw  the  figure,  and 
obtain  the  results  directly  from  the  geometry  of  the  case,  and  not  from  the  formulae 
alone. 

He  should  form  a  definite  mental  picture  of  the  co-ordinates  in  space,  and  should 
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not  form  the  habit  of  simply  working  from  the  formulae  alone,  if  he  does  so  these 
examples  will  become  mere  practice  in  arithmetic,  and  not  in  geometry. 

In  the  figure 

ON2  =  3-  4  4!  =  25 
/.  ON  =  5 

r*  =  ON2  +  NP1  =  25  +  4  =  29 
/.  r= 


cos  6  =  r  = 
.'.  0  =  68° 
tan  <(>  =  •£  =  075 


•'•  $  =  37  FIG.  160. 

and  the  polar  co-ordinates  are  ($'$8,  68°,  37°). 


EXAMPLES.—  XCVI. 

Find  the  polar  co-ordinates  of  the  points  whose  rectangular  co-ordinates  are  given 
as  follows  :  — 

Give  the  values  of  6  and  <j>  to  the  nearest  degree.  Draw  a  figure  to  scale  in  each 
case. 

I.  x  =  8,  y  =  4,  *  =  5.  2.  x  =  10,  jf  =  5,  «  =  4. 
3.  x  =  4,  y  =  2,  z  =  —  2.  4.  x  =  8,  y  -  2,  t  =  5. 
5.  x  —  6,  y  =  4,  z  =  8.  6.  x  =  ity  =  I,  z  =  i. 
7.  -r  =  3,  .y  =  -  2,  s  =  I.  8.  x  =  6,  y  =  4,  *  =  3. 
9.  .r  =  18,  ^  =  10,  «  =  15.  10.  JT  =  8,  y  =  —  2,  z  =  3. 

II.  x=  12,  y  =  -  3,  2  =  -4. 

12.  Prove  that  x*  +  _y2  +  z2  =  r2  without  using  vector  algebra, 


182.  Direction  of  a  Straight  Line  in  Space.  —  The  direction  of  a 
straight  line  in  space  may  be  specified  by  the  three  angles  a,  5,  and  7,  which 
it  makes  with  the  three  axes  of  xt 
y  and  z  respectively. 

If  the  line  does  not  pass 
through  the  origin  we  can  specify 
the  direction  by  considering  the 
case  of  a  line  parallel  to  it  through 
the  origin,  so  that  we  need  only 
consider  the  case  of  a  straight  line 
through  the  origin. 

Take  any  point  P  on  this  line 
and  complete  the  rectangular 
block,  having  the  co-ordinates  of 
P  as  its  edges. 

Then,  with  the  same  notation 
as  before,  PMO  is  a  right-angled 
triangle,  and 

OM       z 


FIG.  161. 


Similarly,  if  we  join  PA,  PAO  is  a  right-angled  triangle,  and 

OA       x 


cos  a  = 


OP 
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Similarly,  joining  PB,  we  get  cos  £  =  - 

Cos  a,  cos  0,  and  cos  7,  are  called  the  direction  cosines  of  the  line  OP. 
We  write  cos  a  =  /,  cos  £  =  /«,  cos  7  =  «,  and  use  the  direction  cosines 
/,  ;«,  n,  to  specify  the  direction  of  the  straight  line  OP. 

Note  that  the  angle  7  is  the  same  as  the  polar  co-ordinate  d  of  the  point  P. 

EXAMPLE. —  The  rectangular  co-ordinates  of  a  point  P  are  6,  3,  3.     Find  the  angles 
which  OP  makes  with  the  three  axes  OJT,  Oy,  and  Qz. 

We  have 


r  =  A/JT'  +  /-  +V  =  */36  +  9  +  9  =  7'35 

cos  a  =  -  =  -  =  0-828  ;  .'.  o  =  74° 

»•      7  '35 

cos  &  =.y-  =  -^  =  0-414  ;  .'.  0  =  65*5° 


cos  7  =  *  =  _  -  =  0-414  ;  /.  7  =  65-5° 


*  =  _  3- 

and  the  required  angles  are 

a  =  34°,  ft  =  65-5°,  y  =  65-5° 


183.  P  +  m2  +  fl2  =  I.  —  Considering  the  case  where  the  position  of  P  is 
such  that  all  its  co-ordinates  are  positive,  we  see  that  any  two  of  the  angles 
a,  /3,  7*  would  be  sufficient  to  fix  the  direction  of  the  line  OP.  There  must, 
therefore,  be  some  relation  connecting  a,  0,  and  7  so  that  the  third  angle 
may  be  determined  when  any  two  are  given. 

With  the  same  notation  as  before,  we  have 


Squaring  and  adding,  we  get 

-t- 2  i   va  i   ~« 

cos2  a  +  cos2  ft  +  cos2  7  =  -,~ •  rT— i i  =  ! 
xz  +_y2  +  f 

i.e.  P  4-  m*  +  n1  =  i 

This  corresponds  to  the  relation  cos2  6  +  sin2  6  =  I  in  plane  geometry. 
If  we  have  two  of  the  angles  a,  5,  and  7  given,  we  may  now  find  the  third 
angle. 

EXAMPLE. — A  straight  line  makes  angles  of  60°  and  70°  with  the  axes  of  x  and  z 
respectively.     Find  the  angle  -which  it  makes  with  the  axis  oj  y. 

We  have  a  =  60°,  7  =  70°. 
We  require  to  find  /3. 

cos2  a  +  cos*  ft  +  cos*  7=1 

cos*  ft  =     —  cos2  a  —  cos*  7 

-  cos*  60°  -  cos*  70° 

-  (o-5)'  -  (0-342)' 
—  0-25  —  0-1170 

-  0-3670  =  0-6330 
cos  /3  =  ^0-6330  =  0-796 

.\  ft  =  37-25° 
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184.  Angle  between  a  Straight  Line  and  each  of  the  Co  ordinate 
Planes.  —  The  angle  which  a  straight  line  makes  with  a  plane  is  defined  as 
the  angle  which  the  straight  line  makes  with  its  projection  on  the  plane. 

In  Fig.  160  the  angle  between  OP  and  the  plane  O-ry  is 

NOP  =  90°  -  POM  =  90°  -  7 

Similarly,  the  angle  between  OP  and  the  plane  Oyz  is  90°  -  a  ;  and  the 
angle  between  OP  and  the  plane  Qzx  is  90°  -  0. 

The  angle  between  a  given  straight  line  and  any  co-ordinate  plane  is  the 
complement  of  the  angle  between  the  line  and  the  axis,  which  is  perpendicular 
to  that  plane. 

E.g.  in  example,  §  183. 

a  =  60°,  /9  =  37°,  7  =  70° 

.'.  OP  makes  angles  of  30°  with  the  plane  Oyz,  53°  with  the  plane  Ozx, 
and  20°  with  the  plane  Qxy. 


185.  Representation  on  a  Sphere.  —  Consider  a  sphere  of  unit  radius 
with  its  centre  at  the  origin. 

Let  the  axes  cut  the  surface  of 
this  sphere  in  the  points  .r,  y,  and 
z,  and  let  OP  cut  the  surface  in  P. 

Then,  since  the  radius  of  the 
sphere  is  unity,  the  planes  PO.r, 
POy,  and  POz  will  cut  the  surface 
of  the  sphere  in  arcs  whose  lengths 
are  numerically  equal  to  the  values 
of  a,  0,  and  7. 

Thus  the  angles  which  OP 
makes  with  the  three  axes  may  be 
represented  on  the  surface  of  a 
sphere,  as  shown  in  Fig.  162. 

Thus  the  arc  zPn  in  the  figure 

is  equal  to  -,  the  arc  zP  =  7,  and 

the   arc    P«   which    measures   the 
angle  between  OP  and  the  plane 

ir 

O.ry,  is  equal  to  --  7. 


FIG.  162. 


186.   EXAMPLE  (i). — The  rectangular  co-ordinates  of  a  point  P  are  (IO,  4,   3)  ; 
find  the  angles  which  OP  makes  with  the  three  axes  of  co-ordinates. 


We  have 


OP   -    r  = 
COS  O  =         = 

cos  B  =  }-  - 


-  .,8 


=  iri8 
=  o'S.;5  =  cos  26-5°  ;     .-.  o  =  26-5° 

=  °'35S  =  cos  69°  !        .".  £  =  69° 
cos  7  =1  =  -3_j  =  0-2685  =  cos  74-4° ;  .'.  7  =  74-4° 

EXAMPLE  (2).  —  The  polar  co-ordinates  of  a  point  P  are  (5,  36°,  42°);  find  the 
angles  between  OP  and  the  three  axes  of  rectangular  co-ordinates. 
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We  have 

7  =  0=j6° 

x       r  sin  6  cos  d» 

cos  a  =  —  = =  sin  6  cos  d> 

r  r 

=  sin  36°  cos  42°  =  0-1588  X  0743  =  0'4"?7  =  cos  ^4° 
/.  a  =  64° 

y       r  sin  0  sin  <£ 
cos  ft  —  -  =  =  sin  6  sin  <t> 

=  sin  36°  sin  42°  =  0-588  X  0-669  =  0-393  =  cos  67° 
/.  3  =  67° 
and  the  three  angles  which  OP  makes  with  the  axes  are 

«  =  64°,  0  -  67°,  y  =  36° 

EXAMPLES.— XCVII. 

1.  The  rectangular  co-ordinates  of  a  point  P  are  (8,  3,  2).     Draw  a  fijure  to  scale 
to  show  its  position,  and  calculate  the  direction  cosines  of  OP,  and  the  angles  which 
it  makes  wiih  the  axes  of  co-ordinates. 

2.  The  rectangular  co-ordinates  of  P  are  (5,  2,  3).     Find  the  angles  which  OP 
makes  with  the  co-ordinate  planes,  and  the  projection  of  OP  on  the  plane  Oyz. 

3.  The  rectangular  co-ordinates  of  P  are  (3,  4,  6).     Find  the  direction  cosines 
of  OP. 

4.  A  rectangular  block  has  its  edges  3,  4,  and  7  in.  long.     Find  the  length  of  its 
diagonal  and  the  angles  which  its  diagonal  makes  with  each  of  the  three  ed0res. 

5.  The   polar  co-ordinates  of  a  point  P  are  (3,   57°,  39°).     Find  the  direction 
cosines  of  OP. 

6.  The  polar  co-ordinates  of  P  are  (3-2,  52°,  16°).     Find  the  angles  which  OP 
makes  with  the  three  axes  of  rectangular  co-ordinates. 

7.  The  polar  co-ordinates  of  P  are  (2,  31°,  59°).     Find  the  angles  which  OP 
makes  with  the  three  co-ordinate  axes. 

8.  The  polar  co-ordinates  of  P  are  (5,  48°,  60°).     Find  the  projection  of  OP  on 
the  plane  Ozx. 

Q.  A  straight  line  OP,  3  in.  long,  is  drawn  from  the  origin  so  as  to  make  angles 
of  52°  and  65°  with  the  axes  of  x  and  t  respectively.  Find  the  rectangular 
co-ordinates  of  the  point  P. 

10.  A  straight  line,  3^52  in.  long,  makes  angles  of  59°  and  67°  with  Ox  and  Oy 
respectively.     Find  the  lengths  of  its  projections  on  the  three  axes. 

11.  A  straight  line  makes   angles   of  40°  and  60°  with   the   axes  of  y  and  x 
respectively.     What  angle  does  it  make  with  the  axis  of  z  T 

12.  A  straight  line  makes  angles  of  59°  and  73°  with  Oz  and  Ox  respectively. 
What  angle  does  it  make  with  Oy  ? 

13.  For  a  certain  straight  line  a  =  52°,  y  =  65°.     Find  j8. 

14.  If  a  =  59°,  0  =  67°.     Find  y. 

15.  A  straight  line  makes  angles  of  55°  with  Ox  and  71°  with  Oy.     What  angle 
does  it  make  with  the  plane  Oxy  ? 

187.  To  find  the  Length  and  Direction  of  the  Line  joining  two 
given  Points. 

EXAMPLE. —  The  rectangular  co-ordinates  of  a  point  A  are  (4,  3,  2),  and  of  a  point 
B  (8,  5,  3).  Find  the  length  and  direction  cosines  of  the  straight  line  AB. 

Construct  the  rectangular  blocks  formed  by  the  co-ordinates  of  A  and  B. 

Then,  if  we  produce  the  edges  of  the  block  formed  by  the  co-ordinates  of  A  until 
they  meet  the  faces  of  the  block  formed  by  the  co-ordinates  of  B,  we  obtain  a  third 
rectangular  block,  having  A  B  as  its  diagonal.  The  edges  of  this  block  are 

8  —  4  =  4  parallel  to  Ox 
5-3  =  2  „  Oy 
3-2  =  1  „  Oz 
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t  1  £ 

o-5 


/.  the  problem  is  the  same  as  if  A  were  the  origin,  and  the  co-ordinates  of  B  were 
4,  2,  i). 


3  =  VI6  +  4  +  i  =  4-583 

/  =  cos  a  =  — g-  =  0-874 

2 


m  =  cos  0  = 


4-583 

4W 


=  0*437 


EXAMPLES.— XCVIII. 

Find  the  length  and  direction  cosines  of  the  line  AB  when  the  co-ordinates  of  A 
and  B  are  given  as  follows.     Draw  a  figure  in  each  case. 


2.  A  (2,  2,  2) ;  B  (6,  4,  5). 
4.  A  (4,  2,  i) ;  B  (7s  3,  4). 


1.  A  (i,  i,  i);  8(3,4,  3). 
3.  A  (8,  2,  4) ;  B  (10,  3,  3). 

5.  A  (2,  2,  3) ;  B  (4,  3,  5). 

6.  A  straight  line  AB  makes  angles   of  42°  with  Ox,  and  53°  with  Oz;  what 
angle  does  it  make  with  Oy  ?     If  the  line  is  4  inches  long,  and  is  placed  so  that  the 
end  A  is  at  the  origin,  what  are  the  co-ordinates  of  the  other  end  B  ? 

7.  If  the  end  A  of  the  line  AB  in  example  6  is  placed  at  the  point  (i,  i,  i),  and 
its  direction  remains  the  same,  what  are  the  rectangular  co-ordinates  of  B  ?     Draw 
a  figure  to  scale. 

8.  A  is  a  point  whose  co-ordinates  are  (9,  3,  4).     A  straight  line  AB  5  units  long 
is  drawn  through  A  in  a  direction  making  an  angle  of  59°  with  Oy,  and  44°  with  the 
plane  Qxy.     Find  the  rectangular  co-ordinates  of  B. 


188.  Projections  of  a  Line  on  the  Three  Co-ordinate  Planes. — In 
Fig.  163,  AjB^  A2B2,  A3B3  are  the  projections  of  AB  on  the  planes  Oyz, 
Ozx,  Qxy  respectively. 

As  an  example  we  shall  consider  the  case  where  the  co-ordinates  of  A 
are  (4,  3,  2),  and  of  B  (8,  5,  3),  as  in  Fig.  163. 

To  find  the  length  of  the  projection  A3BS  of  AB  on  the  plane  Ory, 
we  have  co-ordinates  of  As  are  x  =  4,  y  =  3  ;  co-ordinates  of  Bs  are  x  =  8, 
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.-.  A3D  =  8  -  4  =  4 
DB3  =  5  -  3  =  2 
and  A3B3  =  */2~o  =  4-47 

Similarly  A^  =  ^4  +  i  =  2*24 
and  A2B2  =  »J 16  +  I  =4*12 

When  the  length  and  direction  cosines  /,  ;«,  n  of  AB  are  known,  its 
projections  on  the  three  co-ordinate  planes  may  also  be  found  as  follows  : — 

We  have  angle  ABC  =  y  ;  A3B3  =  AC  =  AB  sin  y  =  AB^/i  —  «2. 
Similarly  A.iB1  =  AB  sin  a  = 
A9B,  =  AB  sin  B  = 


189.  To  find  the  Length  and  Position  of  a  Straight  Line  when 
its  Projections  on  Two  Perpendicular  Planes  are  g'iven. — On  reference 
to  Fig.  163,  it  is  seen  that  a  straight  line  is  determined  by  its  projections  on 
any  two  of  the  co-ordinate  planes,  for  if  A.^B2  and  A3  B3  are  given,  a  plane 
through  A2B.j  perpendicular  to  the  plane  Qzx  and  a  plane  through  A3Ba 
perpendicular  to  the  plane  Oxy  will  intersect  in  the  required  line  AB. 

The  co-ordinates  of  A  are  the  same  as  the  corresponding  co-ordinates  of 
A2  and  A3,  viz. — 

the  x  co-ordinate  of  A  =  the  x  co-ordinate  of  A2  and  As 

11  y      11      11      " =  »  y      11      »      "s 

»    z         11         11        "  —    »>    z         11         »         A2 

Similarly,  the  co-ordinates  of  B  are  the  same  as  the  corresponding 
co-ordinates  of  B2  and  B3. 

The  co-ordinates  of  A  and  B  are  now  known,  and  the  length  and  direction 
cosines  of  AB  may  be  found. 

EXAMPLE. —  The  projections  A,B,  and  A3B3  of  AB  on  the  planes  Oyz  and  Oxy 
respectively  are  gtvat  as  follows : — 

The  co-ordinates  of  A,  are  (o,  4,  2)  q/Bl  (o,  7,  4) 
„  „         A,  are  (5,  4,  o)  of  B3  (8,  7,  o) 


Draw  a  figure  shewing  the  position  of  AB,  and  calculate  its  length  and  the  angles 
••vhich  it  makes  with  the  axes  of  co-ordinates. 
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From  the  figure  the  co-ordinates  of  A  and  B  are  (5,  4,  2)  and  (8,  7,  4)  respectively. 
The  length  and  direction  cosines  of  AB  may  now  be  found 


AB  =  V9  +  9  +  4  =  4'&9 
To  find  the  angle  which  AB  makes  with  the  axis  of  z,  we  have 


A,B,  =  V9  +  9  =  4'24 
.*.  sin  y  =  -A3R3  =  0^905 

/.  y  =  64-8° 

Similarly,  a  and  £  may  be  found. 

EXAMPLES. — XCIX 

1.  Write  down  the  values  of  the  angles  which  AB  makes  with  each  of  the  three 
co-ordinate  planes  in  Examples  XCVI1I.,  1-4. 

2.  Draw  figures  to  show  the  projections  of  AB  on  the  three  co-ordinate  planes  in 
Examples  XCV1IL,  1-4.     Calculate  the  length  of  the  projection  on  the  plane  Oxy 
in  each  case. 

3.  Find  the  distance  between  the  points  (i,  2,  i)  and  (3,  3,  —2),  draw  a  figure  to 
show  the  position  of  the  points  and  the  line  joining  them,  and  find  the  angle  which 
the  joining  line  makes  with  the  plane  Oxy. 

A,Bi,  A2B2,  A3B3  are  the  projections  of  a  straight  line  AB  on  the  planes  Oj-s, 
Ozx,  Oxy  respectively.  Draw  figures  to  show  the  position  of  AB,  and  calculate  its 
length  when  the  co-ordinates  of  the  following  points  are  given  : — 

4.  A,  (o,  4,  2) ;  B,  (o,  6,  5).  5.  A2  (4,  o,  5)  ;  B2  (7,  o,  5). 

A3  (5,  4,  o) ;  B3  (7,  6,  o).  A,  (4,  8,  o) ;  B,  (7,  4,  o). 

6.  A,  (o,  i,  3) ;  B,  (o,  4,  5). 

A,  (5,  o,  3) ;  B2  (6,  o,  5). 

7.  Find    the    angles   which   AB    in   example  4   makes    with    the    planes   Oxy 
and  Oyz. 

8.  Find  the  angle  which  AB  in  example  4  makes  with  the  plane  Ozx,  draw  % 
figure  to  show  the  projection  A.,B2  of  AB  on  the  plane  Ozx,  and  calculate  the  length 
of  A,B2. 

9.  A  straight  line  PQ,  5  inches  long,  makes  angles  of  45°  with  Ox  and  55°  with 
Oz.     Find  the  lengths  of  its  projections  on  the  three  co-ordinate  planes. 

190.  Angle  between  Two  given  Straight  Lines. — Let  OP  and  OQ  be 
two  given  lines  whose  direction  cosines  are  (/M  mly  «,)  and  (/2,  m2,  n^ 
respectively.  We  require  to  find  the  angle  POQ  =  Q  between  OP  and  OQ. 

Let  OP  =  rlt  OQ  =  r2,  and  let  the  co-ordinates  of  P  and  Q  be  (xujrlt  xj 
and  (jr-2,  y2,  *j)  respectively. 

Then  /,  =  — ,  m,  —  — ,  n}  =  — L 
r,  r,  r. 


Consider  xv  yv  /,  r,  and  x»  \}r  /»  r1  as  vectors. 
Then,  by  vector  addition, 

r,  =  AT,  +  y,  +  z, 
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By  multiplication,  we  get  the  scalar  product 

z  r\r-i  =  (*\  +  y\  +  *) 


+  7,7, 


,t/2  +  AT,/,  +  I/,/, 
(p.  306) 


Since  the  scalar  product  of  two  linear 
vectors  is  the  product  of  their  lengths 
into  the  cosine  of  the  angle  between 
them,  the  last  6  terms  in  this  expression 
vanish,  being  the  scalar  products  of  pairs 
of  perpendicular  vectors. 

.*.  we  have 


cos  6  - 


cos  o 

£     COS  0 


cos  o° 


FIG.  165. 


EXAMPLE  (i). — Find  to  the  nearest  degree  the  angle  6  between  the  straight  lines  OP 
and  OQ,  when  the  co-ordinates  of  P  and  Q  are  (3,  2,  5),  ««</  (4,  3,  i)  respectively, 

This  case  is  shown  in  Fig.  165. 

Let  the  direction  cosines  of  OP  and  OQ  be  (/„  mlt  «,),  and  (l.t,  mt,  nt)  respectively. 

We  have 


OP  =  V9  +  4  +  25  = 
OQ  = 


i  =  V26 


/,  =  cos  .rOP  =  -,  A  =  cos  *OQ  =  -=. 


V38 


. 

-s/26 


" 

=  cos^OP  =  —  ^=-,  »*j  =  cos>OQ  =   -4 


«,  =  cos  «OP  =  —  ^=,  «2  =  cos  sOQ  =  —  = 

°  V26 


.'.  cos     =  7,/2 


__2j_  =  0732  =  cos  43° 

~  A/  "988 

/.  POQ  =  0  =  43° 

EXAMPLE  (2).  —  The  polar  co-ordinates  of  two  points  P  and  Q  ar*  (2,  15°,  45°),  and 
(3>  S^0'  60°)  respectively.     Find  the  angle  6  between  OP  and  OQ. 

With  the  same  notation  as  before,  we  have 

/,  =  ^  =  2sinI5°2CQS45°  =  0-2588  x  07071  =  o-i833 


= 


=o. 


tt         2  COS   K°  , 

^    =   ^=—^  =  0-9659 
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3  sin  56°  cos  60° 
/,  =  *-      *=2 =  0-8290  X  0-5  =  0-4145 

3  sin  56°  sin  60° 
m,  — • =  0*8290  X  0'866  =  07175 

cos  56° 

.*.  cos  8  =  /,/.,  +  »Z,OT,  +  «,», 

=  0-076  +  0-132  +  0-540  =  0-748  =  cos  41-5° 
/.  POQ  =  6  =  41-5° 

Since  the  direction  cosines  of  a  line  from  O  are  proportional  to  the  rectangular 
co-ordinates  of  any  point  on  it,  the  figure  may  be  drawn  in  parallel  projection  when 
the  direction  cosines  of  the  two  lines  are  known. 

EXAMPLES. — C. 

1.  The  straight  line  AB  makes  angles  of  59°  and  40°  with  Ox  and  Oy  respectively. 
AC  makes  angles  43°  and  61°  with  Ox  and  Oy.     Calculate  the  angle  BAG. 

2.  OA  makes  32°  with  Ox  and  74°  wiih  Oy. 
OB      „      67°    „     Ox  „    60°    „    Oy. 

Find  the  angle  AOB. 

3.  OP  makes  45°  with  Ox  and  50°  with  Oy. 
OQ      „      60°     „    Ox    „    70°    „    Oy. 

Find  the  angle  POQ  and  the  length  of  the  line  PQ,  taking  OP  =  I  and  OQ  =  i. 

4.  The  rectangular  co-ordinates  of  P  are  (3,  4,  i),  of  Q  (2,  4,  3).     Find  the  angle 
between  OP  and  OQ  correct  to  the  nearest  degree. 

5.  Co-ordinates  of  P  are  (4,  2,  i)  and  of  Q  (2*5,  2,  3).     Find  the  angle  POQ, 
and  draw  a  figure  to  scale  in  oblique  parallel  projection. 

6.  Co-ordinates  of  P  are  (5,  I,  5)  and  of  Q  (i,  6,  2).     Find  the  angle  POQ,  and 
draw  a  figure. 

7.  Co-ordinates  of  P  are  (1*5,  O'8,  I -2)  and  of  Q  (1*2,  2 '8,  17).     Find  the  angle 
POQ,  the  length  of  PQ,  and  the  angles  which  it  makes  with  the  three  axes. 

8.  Co-ordinates  of  P  are  (3,  4,  i)  and  of  Q  (—3,  4,  i).     Find  the  angle  POQ,  and 
draw  a  figure. 

9.  The  polar  co-ordinates  of  P  are  (3,  45°,  30°)  and  of  Q  (3,  60°,  50°).     Find 
the  angle  POQ. 

10.  Verify  that  the  relation 

cos  6  =  /i/2  +  #»!**,  +  «,«, 

holds  good  when  the  two  straight  lines  are  Ox  and  Oy,  and  also  when  the  two  straight 
lines  are  in  the  directions  Ox  and/O, 


CHAPTER   XXIII 
-» 

SOLID   GEOMETRY— PLANES 

191.  Traces  of  a  Plane. — Any  plane  cuts  the  three  co-ordinate  planes  in 
three  straight  lines,  called  its  traces,  forming  a  triangle. 

Any  two  of  the  traces  are  sufficient  to  determine  the  plane. 


FIG.  166. 

Thus,  in  Fig.  116,  AB,  BC,  and  CA  are  the  traces  of  the  plane  ABC.  We 
shall  denote  the  lengths  OA,  OB,  OC  which  the  plane  cuts  off  from  the  axes 
by  <z,  b,  c,  taken  positive  when  measured  in  the  positive  direction  along  the 
axes. 

We  shall  use  a,  6,  c  with  this  meaning  to  specify  the  position  of  a  plane 
by  means  of  its  traces. 

Thus,  in  Fig.  116,  for  the  plane  ABC 

and  for  the  plane  ABJC 

a  =  3,  b  =  —  r6,  c=  2-i 

To  find  the  lengths  of  the  traces  we  have 
AB  =  V«2  +  P,  BC  = 


192.  Measurement  of  Angles  between  Straight  Lines  and  Planes. — 
A  straight  line  is  said  to  be  perpendicular  to  a  plane  when  it  is  perpendicular 
to  every  straight  line  in  that  plane. 

The  angle  between  two  planes  is  measured  by  the  angle  between  two 
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lines  drawn  one  in  each  plane  perpendicular  to  the  line  of  intersection  of  the 
two  planes. 

In  Fig.  167  OPQR  is  a  rectangle ;  OP  and  Oy  are  perpendicular  to  the 
line   of  intersection   CXr  of  the  two 
planes  OPQR  and  Oxy  ;  the  angle  be- 
tween the  two  planes  is /OP  or  PO_y'. 

Draw  OT  perpendicular  to  the 
plane  OPQR. 

Then,  if  we  suppose  -the  plane 
OPQR  to  lie  originally  in  the  plane 
Ory,  so  that  OT  coincides  with  Oz, 
and  to  rotate  about  Ox  to  its  present  ? 
position,  OT  evidently  turns  through 
the  same  angle  as  OP,  and  therefore 
the  angle  ^OT  =  yOP  =  angle  be- 
tween the  planes  OPQR  and  Oxy. 

Thus  the  angle  between  any  two 
planes  is  equal  to  the  angle  between 
two  perpendiculars  to  the  respective 
planes. 


FIG.  167. 


193.  Length  and  Direction  of  the  Perpendicular  from  the  Origin 
to  a  given  Plane.— Let  OP  be  the  perpendicular  from  the  origin  to  the 
plane  ABC,/  its  length,  and  (/,  m,  «)  its  direction  cosines. 


FIG.  168. 

In  the  figure  BPO  is  a  right  angle,  and 


=  cosjOP  =,»  =  cos  zOP  =  p  /  =  cos  xOP  = 

...       +      +*  =  P  +  m*  +  n*=l  (p.  322) 
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and/  =  ^=. 


i       i^      i 
z2  +  P  +  ? 

I 

~b 


'v^w 


_ 

C  /I I          I 

v  «* + £  +  ? 


EXAMPLE. — .4  //a«<r,  ABC,  rw/j  ^"  lengths  a  =  6,  &  =  4,c=  "*»from  the  axes  -J 
x,  y,  and  z.  Find  the  length  and  direction  cosines  of  the  perpendicular  from  O  to  thi* 
plane. 

These  values  are  taken  in  Fig.  168. 
We  have 


L  <_  J.     r  —  _£9 

36      16      9  ~~    12 


To  find  the  position  of  P  in  the  figure,  drawn  in  parallel  projection,  we  note  that, 
if  BP  and  CP  are  produced  to  meet  the  opposite  traces  in  H  and  K,  it  may  be  shown 
by  plane  geometry  that  in  the  right-angled  triangle  OCA, 

AH  :  HC  =  a*  :  <* 
So  also 

AK  :  KB  =  a2  :  P 

Accordingly,  to  draw  the  figure,  we  first  find  the  points  H  and  K  ;  then  the  inter- 
section of  BH  and  CK  gives  the  position  of  P  in  the  plane. 

194.  Inclination  of  a  given  Plane  to  the  Axes  and  to  the  Co- 
ordinate Planes. — In  Fig.  168  PB  is  the  projection  of  OB  on  the  plane  ABC, 
and  the  angle  OBP  or  its  supplement  measures  the  angle  between  the  plane 
ABC  and  the  axis  of y.  But 

j 

sin  OBP  =4  = 
o 


This  gives  the  angle  between  the  plane  and  the  axis  of  y.     Similarly,  the 
angles  between  the  plane  and  the  axes  of  z  and  x  may  be  found. 
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The  angles  between  the  plane  ABC  and  the  co-ordinate  planes  are  the 
complements  of  the  angles  between  ABC  and  the  axes. 

Thus  the  angle  between  ABC  and  Ozx  is  measured  by  the  angle 
OHB  =  complement  of  OBP,  which  has  been  found. 

EXAMPLE.  —  A  plane,  ABC,  cuts  off  lengtlis  of  8,  4,  5  from  Ox,  Oy,  and  Oz, 
respectively.  Find  the  angles  (l)  between  the  plane  ABC  and  the  axis  of  y  ;  (2)  between 
ABC  and  t)u  plane  Qxy. 

We  ha%-e 

P  =  -  •=  -       '  =  2-907 


/i 

V  ? 


sin  OBP  =     =  =  0727  =  sin  46-6° 

/.  OBP  =  46-6° 
The  angle  between  the  planes  ABC  and  Oxy  =  OKC  =  COP,  and 

cos  COP  =t  =  ^1  =  0-5816  =  cos  54-4 

Thus  the  plane  ABC  makes  angles  of  46-6°  with  the  axis  of  yt  and  54*4°  with  the 
plane  Oxy. 

EXAMPLES.  —  CI. 

1.  The  traces  of  a  plane  on  the  three  co-ordinate  planes  join  the  points  (10,  o,  o), 
(o,  7,  o),  (o,  o,  6).     Draw  a  figure  to  scale  to  show  the  positions  of  the  plane,  and  of 
the  foot  of  the  perpendicular  drawn  from  the  origin  to  the  plane. 

2.  a,  b,  c  are  the  lengths   cut   off  from   the   three  axes  of  co-ordinates  by  the 
plane  ABC. 

Draw  figures  to  scale  to  show  the  position  of  the  plane  ABC  in  the  following 
cases  :  — 

a  =  20,  b  =  16,  c  =  12 
a  =  20,  b  •=•  —  10,  e  =  15 
a  =  —  26,  b  =  12,  c  =  —  14 

3.  The  traces  of  a  plane  ABC  join  the  points  (3,  o,  o),  (o,  2,  o),  (o,  o,  4).     Find 
(i)  the  length  of  the  perpendicular  OP  from  O  to  the  plane  ABC,  (2)  the  angles 
between  the  plane  ABC  and  the  axes  of  x  and^y,  (3)  the  angles  which  the  plane  ABC 
makes  with  the  planes  Oyz  and  Ozx. 

4.  A  plane  ABC  cuts  off  lengths,  a  =  8,  b  =  5,  c  =  3,  from  the  axes  of  x,  y,  and  t 
respectively.     Draw  a  figure  and  find  (l)  the  length  of  the  perpendicular  OP  from  the 
origin  to  the  plane  ABC,  (2)  the  angles  which  OP  makes  with  the  three  axes,  (3)  the 
angles  which  the  plane  ABC  makes  with  the  axis  of*  and  the  plane  Otx. 

195.  Line  of  Intersection  of  Two  Planes. 

The  intersection  of  two  planes  is  a  straight  line  which  must  pass  through 
the  intersections  of  each  pair  of  traces,  produced  if  necessary. 

In  the  figure  QPR  is  the  intersection  of  the  planes  ABC  and  AjBjC,, 
which  cut  off  lengths  (10,  5,  3)  and  (3,  4,  5)  from  the  axes. 

Note  that  in  the  figure  the  three  points  of  intersection  Q,  P,  R  must  lie 
in  a  straight  line. 
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To  find  the  projection  of  QPR  on  the  plane  Oxy,  we  already  have  one 
point  R  where  QPR  crosses  the  plane  Qxy. 


FIG.  169. 


Another  point  on  the  required  projection  will  be  given  by  the  projection 
of  Q  or  P  on  the  axis  of  x  or  y.  In  the  figure  Q^R  is  the  projection  of 
QPR  on  the  plane  O.ry. 


EXAMPLES. — CII. 

1.  Two  planes  cut  off  lengths  (a,  b,  c]  and  (alt  £„  r,)  from  the  axes  of  x,  y,  and  z 
respectively.     Draw  figures  to  show  their  line  of  intersection  by  means  of  its  traces 
on  the  three  co-ordinate  planes,  and  the  projection  of  this  line  of  intersection  on  the 
plane  CXry. 

(a)  a  =  I,  b  =  2,  c  =  I  ;  a,  =  2,  £,  =  2-5,  <-,  =  3 
()3)  a  =  2,  b  =  3,  c  =  l  ;  a,  =  -  3,  bl  =  2,  <:,  =  2 
(7)  a  =  3»  *  =  3>  c  =  3  5  <*i  =  -  3.  b\  =  ~  3,  *  ~  4 

Note  that  in  7  the  line  is  parallel  to  the  plane  Oxy,  and  the  trace  in  that  plane  is 
at  infinity. 

2.  If  a  =  5,    b  =  3,  c  =  3,    a,  =  3,  £,  =  4,   c^  =  6,   find   by   construction   and 
measurement  the   co-ordinates  of  the   points    P,   Q,  and    R,  in  which  the  line  of 
intersection  of  the  two  planes  cuts  the  three  co-ordinate  planes. 


196.  Angle  between  Two  given  Planes. — To  find  the  angle  between 
two  planes  whose  traces  are  given. 

Let  ABC  and  A^C,  (Fig.  170)  be  the  given  planes,  and  let  OP  and  OP, 
be  perpendiculars  from  the  origin  to  these  planes.  Then  the  required  angle 
6  between  ABC  and  AjBjCj  is  equal  to  the  angle  POPj  between  the  per- 
pendiculars. To  calculate  it  we  first  find  the  direction  cosines  (/,  m,  u)  and 
(/!,  #*,,  «x)  of  OP  and  OPj. 

Then  cos  6  =  //j  +  mml  +  »«t,  and  hence  6  may  be  found. 


Solid  Geometry — Planes 


335 


EXAMPLE. — Find  the  angle  between  the  two  planes  A,  B,  C,  and  A,,  Bu  Clt  where, 
with  the  usual  notation, 


a  -  2,  b  =  i,  c  =  I  ;  al  -  2-5,  *,  =  2,  c.  =  3 


FIG.  170. 


We  have 


OP=/  = 


/i       i        i 

V  *'  +  *-'  +  ? 


OP,=A  = 


3 
=  1-386 


/  _L  +  -L  +  Jf 

f>\       i"?86  A  f>\ 

A  =  £  =  -J7J-  =  0-554,  /«,  =  ^  =  0-693,  »i  =  ^r  =  0-462 

=  0-185  +  0-462  +  0-308  =  0-955  =  cos  r7'4° 
.*.  angle  between  the  planes  =  POPl  =  17 '4°. 


EXAMPLES. — CIII. 

1.  With  the  same  notation  as  before, 

a  =  8,  b  =  3,  c  =  4  ;  a,  =  9,  *,  =  6,  ^  =  9 
Find  the  angle  between  the  two  planes.    Draw  a  figure  in  parallel  projection  to  scale. 

2.  a  =  10,  £  =  5,  c  =  6 ;  a,  =  4,  £,  =  5,  c^  =  3 
Find  the  angle  between  the  two  planes,  and  draw  a  figure  to  scale. 


CHAPTER  XXIV 
VOLUMES  OF  SOLIDS 

197.  Volume  of  any  Solid. — Consider  the  case  of  a  solid  in  which  the 
cross-sectional  area  perpendicular  to  a  fixed  axis  in  the  solid  follows  some 
known  law,  as  we  pass  from  point  to  point  along  that  axis. 

We  may,  for  instance,  know  the  way  in  which  the  area  of  the  horizontal 
section  or  water-plane  of  a  ship  varies  from  point  to  point  along  an  axis 
drawn  vertically  from  the  keel. 

Let  A  be  the  area  of  the  water-plane  of  a  ship  when  the  keel  is  x  feet 
below  the  surface,  and  let  V  be  the  displacement,  i.e.  the  volume  under 
water. 

Suppose  the  ship  to  sink  deeper  into  the  water  by  a  further  small 
distance  3j-. 

Then  the  displacement  is  increased  by  a  thin  plane  layer  of  water  of 
area  A  and  thickness  bx ;  i.e.  if  SV  is  the  increase  in  the  displacement 

»V  =  A5* 

Bnt  we  may  imagine  that  the  whole  displacement  V  to  any  draught  h 
is  made  up  of  a  number  of  such  thin  layers  of  volume  8V  =  A5.r,  and,  there- 
fore, the  whole  displacement  V  is  the  sum  of  the  terms  A5;r  from  x  =  o  to 
x  =  h. 

P 
In  the  limit,  as  x  is  made  smaller  and  smaller,  this  sum  becomes  |  A.dx. 

Jo 


.-.  V  -/A* 


In  the  same  way  it  can  be  shown  in  the  general  case  that,  if  A  is  the 
cross-sectional  area  of  any  solid  measured  perpendicular  to  a  fixed  axis  in 

the  solid  and  at  distance  x  from  a  fixed  point  on  that  axis,  then  the  volume 

/"& 
of  the  solid  enclosed  between  two  sections  at  x  =  a  and  x  =  b  is  I  kdx. 


In  order  to  find  this  integral  we  must  know  the  law  connecting  A  and  x. 

This  law  may  be  given  by  an  equation,  or  by  an  empirical  series  of 
corresponding  values.  In  the  latter  case  the  integral  must  be  found  by  the 
graphic  method. 

EXAMPLE. — The  following  table  gives  the  area  A  of  cross  sections  perpendicular  to 
the  length  of  a  piece  of  timber  at  distances  x  from  one  end.  Find  the  volume  of  the 
timber  at  accurately  as  you  can  from  the  given  data. 
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x  feet      .     .  !            o 

6 

1C 

23 

3° 

A  square  feet          4*17 

6-15 

7-96 

8-47 

875 

[30 

We  have  shown  that  the  volume  V  =   /    AC/JC. 

J  o 
Plotting  A  and  x  we  get  the  curve  PQ. 

8 


I  e 


7 


10  15  20 

Values  of  x  ft 
FIG.  171. 


25 


30 


The  required  definite  integral  is  the  area  between  this  curve  and  the  axis  of  x, 
This  is  found  to  be  222*3. 

.*.  V  =  222'3  cub.  ft. 

If  the  areas  of  the  cross-section  A  are  measured  at  suitable  sufficiently  small 
intervals,  we  may  calculate  the  volume  of  the  solid  directly  from  these  without 
drawing  the  curve  PQ,  either  by  finding  the  mean  cross-section  A  by  the  method  of 
Chapter  IX.  or  by  Simpson's  rule,  which  is  sometimes  known  hi  this  application  as 


the  Prismoidal  Formula. 


EXAMPLES. — CIV. 

1.  The  following  are  values  of  the  area  in  square  yards  of  the  cross-section  of  a 
railway  cutting  taken  at  intervals  of  6  ft.     How  many  cubic  feet  of  earth  must  be 
removed  in  making  the  cutting  between  the  two  end  sections  given? 

70,  88,  94,  93,  87,  76 

2.  A  is  the  cross-sectional  area  of  a  piece  of  oak  at  distance  x  from  one  end. 
Find  its  weight.     One  cubic  foot  of  oak  weighs  48  Ibs. 


*  feet     .     . 

o 

2 

4 

6 

8 

10 

A  square  feet 

17 

2'2 

2-9 

37 

4'9 

5'5 
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3.  h  is  the  height  in  feet  of  the  surface  of  the  water  in  a  reservoir  above  the  lowest 
point  at  the  bottom.  The  reservoir  is  filled  to  various  heights,  and  the  area  A 
oieasured  as  follows  : — 


h  feet  . 

o 

14 

24 

36 

76. 

96 

110 

1  20 

A  sq.  ft. 

0 

21000 

33000 

36700 

42OOO 

44500 

52500 

60500 

How  many  gallons  of  water  does  the  reservoir  hold  when  full  to  a  depth  of  120  ft.  ? 
Also,  how  much  water  leaver  the  reservoir  when  the  surface  level  changes  from  120  ft. 
to  60  ft.  ?  I  gallon  =  o- 16046  cub.  ft. 

4.  A  is  the  area  of  the  surface  of  the  water  in  a  reservoir  when  full  to  a  depth  h. 


h  feet     .... 

60 

50 

40 

30 

A,  square  feet 

37'QO 

25900 

16700 

9500 

The  depth  is  originally  60  ft.  ;  water  is  pumped  out  of  the  reservoir  to  a  height  of 
loo  ft.  above  the  bottom  until  the  depth  is  30  ft. 


Find  the  work  done  =  I    w/A(ioo  —  h}dh  \    where    w  =  weight    of    I  cub.  ft.  of 

J  so 
water  =  62 '3  Ibs. 

5.   A  is  the  area  of  the  surface  of  the  water  in  a  reservoir  when  full  to  a  depth  h. 


h  feet  .     .     . 

O 

is 

25 

35 

45 

A  square  feet 

2000 

4500 

20000 

30000 

50000 

How  much  water  does  the  reservoir  hold  when  full  ?  Construct  a  table  showing 
the  supply  of  water  in  the  reservoir  for  different  values  of  the  depth  at  intervals  of 
5  ft.  from  20  ft.  to  45  ft. 

6.  A  is  the  area  of  the  water  plane  of  a  vessel  at  a  distance  x  above  the  keel. 


x  feet  .     .     . 

2 

4 

6 

8 

10 

A  square  feet 

2690 

3635 

4320 

4900 

5400 

Find  the  total  displacement  of  the  vessel  for  a  draught  of  10  ft. 

The  displacement  in  tons  is  equal  to  the  weight  of  the  vessel ;  what  weight  is  put 
into  the  vessel  when  the  draught  increases  from  7  ft.  to  IO  ft.  I  ton  of  sea  water 
measures  35  cub.  ft. 

7.  The  area  of  the  water-plane  of  a  certain  vessel  is  found  to  vary  as  Al'm,  where 
h  is  the  distance  above  the  keel.  When  h  is  20  ft.  the  area  of  the  water-plane  is  4810 
sq.  ft.  Find  the  total  displacement  in  cubic  feet  for  a  draught  of  20  ft. 
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198.  A  surface  of  revolution  is  generated  when  a  plane  figure  rotates 
about  an  axis  in  its  plane. 

E.g.  a  cone  or  cylinder  is  formed  when  a  straight  line  rotates  about  an 
axis  in  its  plane  ;  a  sphere  when  a  circle  rotates  about  a  diameter  ;  a  paraboloid 
of  revolution  when  a  parabola  rotates  about  its  axis. 

The  rotating  curve  which  traces  out  the  surface  is  called  the  generating 
curve. 

The  section  of  a  surface  of  revolution  by  any  plane  perpendicular  to  its 
axis  is  a  circle. 


199.  Volume  of  a  Solid  of  Revolution. — Let  the  curve  PQ  represent  y 
as  a  function  of  x  from  x  -  OA  =  a  to  x  —  OB  =  b. 

Let  PQ  and  the  ordinates  AP,  BQ,  rotate  about  the  axis  of  r,  so  as  to 
generate  a  surface  of  revolution  whose 
section  by  the  plane  OXY  is  PQSR. 

To  find  the  volume  of  the  solid  en- 
closed by  this  surface,  suppose  the  solid 
cut  into  thin  circular  discs  by  planes 
perpendicular  to  OX. 

The  area  of  any  section  is  wj2,  and 
its  volume  iy28jr,  where  SJT  is  the  thick- 
ness of  the  disc,  and  y  the  ordinate  at 
some  point  within  it. 

The  whole  volume  of  the  solid  is  thus 
the  sum  of  a  number  of  terms  of  the 
form  iry28.r,  which  we  write 

26         9* 
iry28jr 


Now  suppose  the  number  of  sections 
into  which  the  solid  is  cut  up  to  be  in- 
definitely increased,  and  the  thickness 
fcr  of  each  section  to  be  indefinitely 
diminished.  Then  the  limit  of  the  sum 


Ix. 


B 


FIG.  173. 


(§  130) 


Thus,  if  a  curve  representing/  as  a  function  of  x  rotates  about  the  axis 
of  X,  so  to  trace  out  a  surface  of  revolution,  the  volume  enclosed  by  this 
surface  between  the  sections  at  x  =  a  and  x  =  b  is 


•ny^dx 


If  the  equation  connecting  y  and  x  is  known,  the  volume  may  in  many 
cases  be  found  by  integration  ;  and  if  the  form  of  the  curve  is  known,  the 
volume  may  always  be  found  by  graphic  integration  by  the  method  of 
Chapter  XVII. 


200.  We  shall  first  consider  examples  of  solids  of  revolution  where  the 
equation  to  the  generating  curve  is  known. 


34° 
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EXAMPLE  (i). —  To  find  the  volume  of  aright  circular  cone,  having  given  the  height  h 
and  the  radius  a  of  the  base. 

The  cone  is  formed  by  the  revolution  of  a  straight  line  OA  about  an  axis  OH.     In 
the  figure,  OH  =  A,  HA  =  a. 

Take  OH  as  axis  of  x.     Then,  if  (x,  y)  are 
the  co-ordinates  of  any  point  P  on  OA, 

£_* 


The  volume  of  a  circular  disc  of  thickness  SJT 
and  radius  .y  is  wy*5x. 

.'.  volume  of  cone  =  limit  of  the  sum  of  such 
discs  as  Sx  is  made  smaller  and  smaller. 


FIG.  173. 


=  £(area  of  base)  X  (height) 


EXAMPLE  (2).  —  The  curve  y  =  \x*  revolves  about  the  axis  of  y.   Find  the  volume  of 
the  solid  thus  formed  between  the  sections  where  y  =  I  and  y  =  3. 

We  here  suppose  the  solid  divided  into 
circular  elements  of  thickness  8y  and  radius  x 
by  planes  perpendicular  to  the  axis  of  y. 


Then  the  volume  of  an  element  =  irr'Sy, 
and    the    whole    volume  of   the    figure  = 


0 

FIG.  174- 


5    (6 

=  20-55 


EXAMPLE  (3). — Find  the  volume  of  a  sphere  of  radius  a. 
Take  two  perpendicular  diameters,  OA  and  OB,  as  axes. 


FIG.  175. 
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Then  the  sphere  is  generated  by  the  revolution  of  the  circle  APB  about  the 
axis  of  jr. 

If  (x,  y)  are  the  co-ordinates  of  any  point  P,  on  the  circle,  jc*  +_y*  =  a*. 

Divide  the  sphere  into  thin  circular  elements  of  thickness,  &r  and  radius  y  by 
planes  perpendicular  to  the  axis  of  x. 

Then  the  volume  of  an  element  =  Ty*8jr. 


Volume  of  sphere 


/•+« 
=  /      T 

J  —  « 

f* 

=  1 


-  x*)dx 


<2a  *  \       4 
"-s  hi 


EXAMPLE  (4).  —  Find  the  •volume  of  the  frustum  of  a  sphere  of  radius  3  inches  lyin° 
between  two  parallel  planes  on  opposite  sides  of  the  centre,  and  at  distances  i  and  2  inches 
respectively  from  the  centre, 

Take  the  centre  as  origin,  the  diameter  perpendicular  to  the  two  end  sections  as 
axis  of  x,  and  any  diameter  perpendicular  to  this  as  axis  of  y. 

Then  the  frustrum  is  formed  by  the  revolution  of  an  arc  of  a  circle  about  Ox. 

The  limiting  values  of  x  are  —  I  and  2,  and  it  follows,  as  in  the  previous  example, 
that 


Volume 


- 1 +a 
J-l°fu 

p 


=  27*-  -  3» 

=  75 '4  cubic  inches 

EXAMPLE  (5).—  Prove  the  formula  for  thevolume  of  the  frustum  of  a  cone. 

-  .  t(a*  +  ab  +  f*) 
3 

Let  the  trapezium  ABCD  rotate  about  AB,  so  as  to  generate  a  frustum  of  a  cone. 

Y  C 

It 


& 


Fto.  176. 
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Produce  CD  and  BA  to  meet  at  O. 

Take  O  as  origin,  OA  as  axis  of  x,  and  a  straight  line  parallel  to  BC  as  axis  of  y. 

Let  OB  =  /*,,  OA  =  /&,.  BC  =  b,  AD  =  a,  AB  =  k. 

Then  at  any  point  P  (x,  y)  on  CD 

y       b  bx 

-=-, 

*L 

also  a  =  -r* 
Volume  of  frustum 


/"*> 
=  I 

/», 


«  , 
~^          "          'r 


EXAMPLES.—  CV. 

1.  Find  by  integration  the  volume  of  a  cone  having  radius  of  base  3  ins.,  height 
4  ins. 

2.  Find  by  integration  the  volume  of  the  frustum  of  a  cone,  the  radii  of  the  two 
ends  being  2  ins.  and  4  ins.  respectively,  and  the  height  3  ins. 

3.  The  curve/  =  ^x*  rotates  about  the  axis  of  x.    Find  the  volume  of  the  portion 
of  the  solid  of  revolution  generated  which  lies  between  the  origjn  and  the  section  at 
*=3- 

4.  The  parabola  y  =  2*/x  rotates  about  the  axis  of  x.     Find  the  volume  of  the 
paraboloid  of  revolution  generated  between  the  origin  and  the  section  at  x  =  4. 

5.  A  sphere  of  radius  6  ins.  is  cut  by  two  parallel  planes  on  opposite  sides  of  the 
centre  at  distances  4  ins.  and  I  in.  from  the  centre.     Find  the  volumes  of  the  frustum 
between  the  two  sections,  and  of  the  smaller  segment  cut  off  from  the  sphere  by  the 
plane  at  a  distance  of  4  ins.  from  the  centre. 

NOTE.  —  Do  not  use  the  formula,  but  perform  the  integration  in  full. 

6.  Find  the  volume  of  a  frustum  of  a  sphere  of  radius  4  ins.,  which  is  cut  off  by 
two  parallel  planes  on  opposite  sides  of  the  centre,  and  distant  3  ins.  from  the  centre. 

7.  Prove  the  formula,  given  in  §  44,  for  the  volume  of  a  zone  of  a  sphere. 

x*      v2 

8.  The  ellipse  -^.  +  —  =  i  rotates  about  the  axis  of  x.     Find  the  volume  of  the 

16      9 

ellipsoid  of  revolution  which  it  generates. 

9.  The  curve  y  =  x1  —  2x  +  2  rotates  about  the  axis  of  jr.     Find  the  volume  of 
the  solid  of  revolution  generated  between  the  sections  at  x  =  o  and  x  =  2. 

10.  The  curve  y  =  ce™  rotates  about  the  axis  of  x.     Find  the  volume  enclosed  by 
the  surface  of  revolution  generated  and  the  sections  at  x  =  a  and  x  =  b.    Given  y  =  m 
when  x  =  a  ;  a,  b,  m,  and  n  are  known  constants. 

11.  The  figure  formed  by  the  curve  y  =  4**,  the  axis  of  y,  and  the  straight  line 
y  =  4  rotates  about  the  axis  of  y.      Find   the  volume  of  the  solid  of  revolution 
generated. 

201.  Graphic  Determination  of  Volumes  enclosed  by  Surfaces  of 
Revolution.  —  Instead  of  having  the  equation  to  the  generating  curve  given 
as  in  the  above  examples,  we  may  have  the  form  of  the  curve  given  by  a  list 

of  tabulated  values. 

/» 
irjfdx  may  then  be  found  by 

a  graphic  method. 


Volumes  of  Solids 


343 


EXAMPLE. —  The  following  are  corresponding  values  of  y  and  x  for  a  certain  curve. 
This  curve  rotates  about  the  axis  of  x  so  as  to  generate  a  surface  of  revolution.  Find  the 
volume  enclosed  by  this  surface  and  the  two  end  sections,  where  x  —  2*4  and  x  =  IO'6. 


x  inches 

2-4 

4-6 

7 

9  '4 

io'6 

y  inches 

I'SS 

2-13 

2-32 

1-65 

o 

Plotting  these  values  of  y  and  JT,  we  get  the  cut  ve  PQ. 


-52 


2  N  4  6  8 

.     Values  of  x  finches) 

FIG.  177. 


10 


The  volume  enclosed  by  the  surface  of  revolution  generated  by  the  rotation  of  this 

106 


y*Jx 


/10 
2-4 


=  T  / 

J  2 


Taking  values  of  y  from  the  curve  PQ,  squaring  them,  and  plotting,  we  get  the 
curve  RS  representing  y2  as  a  function  of  x.  The  area  between  this  curve  and  the 
axis  of  x  from  x  =  2^4  to  x  =  I0'6  is  found  by  Simpson's  rule  to  be  32*  16.  This  is 

the  value  of  I     y*dx. 

J  2-4 
*.  the  required  volume  of  the  surface  of  revolution  is 

pot 
w  I       )  V-r  =  *  x  j2'l6  =  101  cub.  ins. 
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In  practice  it  is  not  necessary  actually  to  draw  the  curve  RS.  In  the  formula  foi 
Simpson's  rule  we  may  substitute  the  values  of  the  squares  of  the  ordinates  taken  frorn 
the  curve  PQ  at  the  proper  intervals.  The  result  will  give  the  area  under  the  curve 
RS,  which  is  equal  to  \y'1dx. 

The  student  should,  however,  in  working  the  first  few  examples,  draw  both  curves 
as  in  the  above  examples,  until  he  has  become  familiar  with  the  method. 

EXAMPLES. — CVI. 

The  curves  given  by  the  following  lists  of  values  of  x  and  y  rotate  about  the  axis 
of  x.  Find  the  volumes  of  the  solids  of  revolution  which  they  generate  between  the 
specified  limits. 


x  inches 

2 

3 

4 

5 

6 

7 

8 

y  Inches 

5«5 

5'54 

5-63 

5-46 

4-80 

3* 

3.6 

Between  x  =  2  and  x  =  8. 

2. 

x  inches  .     . 

O 

10 

15 

20 

25 

y  inches  .     . 

-     IO 

6-93 

7-21 

9-80 

15-03 

Between  x  =  o  and  x  =  25. 
8. 


x  inches 

0 

i 

i'S 

2 

2'5 

3 

3'5 

4-0 

y  inches 

0-5 

0-9 

1-05 

I-I7 

I-24 

ra 

1-05 

0-8 

Between  x  =  o  and  x  =  4. 
4. 


x  inches  .     . 

1-99 

2-80 

3-412 

3'9i9 

4-359 

475 

y  inches  .     . 

1-8 

1-6 

i  '4 

1*2 

I 

0-8 

Between  x  =  2  and  x  =  4-5. 
6. 


*  feet  . 

o'S 

i  '4 

2 

27 

3'5 

4-2 

4'6 

5'3 

6 

pinches 

"'37 

12-78 

12-62 

11-78 

10-89 

10*56 

io'45 

10-69 

12-04 

Between  x  =  o'S  and  x  =  6. 
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6.  A  buoy  is  in  the  form  of  a  solid  of  revolution  floating  with  its  axis  vertical,  d  is 
its  diameter  at  depth  h  below  the  surface  of  the  water.  Find  the  weight  of  water 
displaced  by  the  buoy.  One  cubic  foot  of  sea  water  weighs  64*11  Ibs. 


Depth  below  water-line  (feet) 

0 

0-6 

0-9 

1-25 

1-50 

i  -80 

2 

Diameter  (feet)      .... 

6 

5  "90 

5-8 

5'55 

5-2S 

470 

4*20 

The  bottom  of  the  buoy  is  flat,  and  at  a  depth  of  2  ft. 


CHAPTER  XXV 
CENTRES    OF   GRAVITY 

202.  IN  Chapter  XXI.  we  defined  the  centre  of  gravity  of  a  number  of  weights 
supposed  concentrated  at  isolated  points,  and  obtained  expressions  for  its 
position.  _ 

If  (jr,  y)  are  the  co-ordinates  of  the  centre  of  gravity  of  weights  /»„  w/a, 
m3  .  .  .  situated  at  the  points  (x^y^,  (*2,  yz\  (*3,  Js)  •  •  •  then 

4-  m3jr3  +  .  .  .  _  ~S.(mx 


_  +  .  .  . 


203.  Centre  of  Gravity  of  Distributed  Masses.  —  If  any  figure  is  cut 
out  in  a  thin  stiff  uniform  material,  such  as  sheet  metal  or  cardboard,  there 
is  a  certain  point  in  the  plane  of  the  figure  through  which  its  resultant  weight 
always  acts  so  that  the  figure  will  balance  if  supported  only  at  this  point. 

In  this  sense  we  speak  of  the  centre  of  gravity,  or  centre  of  mass,  of  a 
plane  area.  The  position  of  the  centre  of  gravity  will  evidently  depend  only 
on  the  shape  of  the  figure,  and  not  on  its  material,  so  that  in  finding  the 
centre  of  gravity  of  a  figure  we  may  take  the  area  of  any  portion  as  equal  to 
its  weight. 

The  centre  of  gravity  of  a  figure  is  also  known  as  the  centre  of  area,  or 
centroid. 

In  the  same  way  every  solid  body  has  a  centre  of  gravity  through  which 
the  resultant  weight  always  acts. 

We  may  suppose  the  number  of  isolated  masses  enclosed  in  a  given 
space  to  be  indefinitely  increased,  and  at  the  same  time  the  magnitude  of 
each  mass  to  be  diminished  so  that  in  the  limit  a  continuous  solid  body  is 
formed.  Then  the  definition  of  the  centre  of  gravity  of  a  number  of  isolated 
weights  may  be  extended  to  the  case  of  a  continuous  solid  body. 

EXAMPLE.  —  Find  the  abscissa  of  the  centre  of  gravity  of  the  area  given  in  the  figure. 

Divide  the  area  into  ten  strips  of  equal  width  by  straight  lines  parallel  to  the 
axis  of  y. 

Take  the  weight  of  each  strip  as  numerically  equal  to  its  area,  and  assume  this 
weight  to  act  at  the  centre  of  gravity  of  the  strip. 

If  the  strips  are  sufficiently  narrow,  the  centre  of  gravity  of  each  strip  may  be 
supposed  to  lie  on  the  ordinate  drawn  at  the  mid  point  of  the  base  of  that  strip  ;  e.g. 
in  the  figure  the  centre  of  gravity  of  the  second  strip  is  at  G. 

We  now  have,  if  (jr,  y)  are  the  co-ordinates  of  the  centre  of  gravity, 

~  . 

approximately 


where  m  is  the  area  of  a  strip,  and  x  the  abscissa  of  the  mid  point  of  its  base. 
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is  obtained  by  multiplying  the  base  of  each  strip  by  its  mean  height  to  get 
the  area,  and  then  multiplying  the  result  by  the  abscissa  of  the  mid  point  of  the  base 
and  adding  the  results. 

2(*»)  is  the  whole  area  of  the  figure. 


.'.  the  centre  of  gravity  lies  in  the  ordinate  A3. 

Similarly,  the  ordinate  y  of  the  centre  of  gravity  maybe  found  by  dividing  the  area 
into  strips  parallel  to  Ov. 


•G 


2B 
FIG.  178. 


204.  Centre  of  Gravity  of  an  Area  by  Integration. — The  accuracy  of 
the  method  described  in  the  last  paragraph  depends  on  the  number  of  strips 
into  which  we  divide  the  area.  If_the  area  is  divided  into  20  parts  instead 
of  into  10,  the  resulting  value  of  x  will  be  nearer  to  the  exact  value  of  the 
abscissa  of  the  centre  of  gravity,  and  so  on. 

If  Sx-  is  the  width  and  y  the  mean  height  of  a  strip,  then  the  area  of  that 
strip,  which  is  proportional  to  its  mass,  is  ytix,  and 


approximately 


The  exact  value  of  x  is  the  limiting  value  of  this  expression,  as  the 
number  of  divisions  is  indefinitely  increased,  z>.  when  $x  is  indefinitely 
diminished. 
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where  a  and  b  are  the  limiting  values  of  x  for  the  area  considered. 


- 


Similarly,  since  the  ordinate  of  the  centre  of  gravity  of  a  strip  is  -,  we 


have 


and  in  the  limit 


y  = 


2(/M 


Thus,  if  the  equation  to  the  bounding  curve  is  known,  we  may  be  able  to 
evaluate  these  integrals,  and  so  find  the  position  of  the  centre  of  gravity. 

EXAMPLE  (i). — Find  the  centre  of  gravity  of  a  triangle. 

In  the  triangle  ABC  draw  AN  perpendicular  to  BC. 
Take  A  as  origin  of  rectangular  co-ordinates,  and  AN  as 
axis  of  x. 

Let  AN  =h,  BN  =/. 

First  find  the  centre  of   gravity  of  the  triangle   ANB. 

v      P 
Then  the  equation  to  the  straight  line  AB  is    -=.-,• 


I 


xydx       |   '-r- 


FIG.  179. 


CK 
Jo 


3fd* 

,  since  /  and  h  are  constants, 


A^ 
4=1* 


Similarly,  for  the  triangle  ANC,  x  =  f /&.  It  follows  that  x  =  f  h  for  the  whole 
triangle. 

Similarly,  the  centre  of  gravity  is  at  a  distance  of  \  of  the  height  measured  from 
any  other  side  of  the  triangle,  and  its  position  is  completely  determined. 


EXAMPLE  (z). — Find  the  centre  of  gravity  of  the  area  bounded  by  the  parabola 
y  =  o'2x*  +  I,  the  axis  of  x,  and  the  ordinates  at  x  —  3  and  x  =  5. 
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(• 

I    xydx 

~        1  8 


We  have 


(V 

J_a 


ydx 

2X>  +  x)<lx 


/'(o, 
J  a 


rx3 

LiiH, 


\}dx 


2  J' _  35^ 
8-53 


y* 


8-53 


.'.  the  centre  of  gravity  is  at  the  point  (4*125,  2'24). 

The  student  should  draw  the  figure  to  illustrate  this  example. 


EXAMPLES. — CVII. 

1.  Find  by  integration  the  centre  of  gravity  of  an  isosceles  triangle,  having  its 
base  6  inches,  and  height  4  inches. 

Find  the  centres  of  gravity  of  the  areas  bounded  by  the  following  curves,  the  axis 
of  x,  and  the  ordinates  at  the  points  specified  : — 

2.  y  =  **  between  x  =  o  and  x  =  I.  3.  y  =  2x*  between  x  =  i  and  x  =  4. 
4.  y  =  x*  between  x  =  o  and  x  =  I.  5.  y  =  x*  between  x  =  I  and  x  =  2. 

6.  y  =  $x*  between  x  =  o  and  x  =  27. 

7.  A  trapezium  is  bounded  by  the  ordinates  /;,  at  x  =  a,  and  At  at  x  =  i>,  the  axis 
of  x,  and  the  straight  line  joining  the  heads  of  the  ordinates  AT  and  A,.     Find  the 
co-ordinates  of  its  centre  of  gravity  by  integration. 

Find  the  abscissae  of  the  centres  of  gravity  of  the  areas  bounded  by  the  following 
curves,  the  axis  of  x,  and  the  ordinates  at  the  points  specified  : — 

8.  y  =  x  +  »/ x  between  x  =  o  and  x  =  l. 

9.  y  =  x*  —  2x  +  2  between  x  =  o  and  x  =  3.     Plot  the  curve. 

10.  Find  the  position  of  the  centre  of  gravity  of  a  semi-circle  of  radius  a. 

11.  Find  the  position  of  ^he  centre  of  gravity  of  the  parabolic  spandril  bounded 
by  the  parabola  5  —  y  —  2*Jx,  and  the  axes  of  x  and/. 

205.  Centre  of  Gravity  of  an  Area — Graphic  Method. — The  graphic 
method  may  now  be  put  into  a  more  concise  and  accurate  form  than  in  §  203. 
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With  the  same  notation  as  before,  we  have  shown  that 
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I 

L 


xydx 


=    _  v-i    _ 

fb          IS   —  2     rb 

I  ydx  \  ydx 

,     J  «  J  <• 


If  we  dp  not  know  the  equation  of  the  bounding  curve  or  cannot  evaluate 
the  above  integrals,  we  may  find  their  values  by  the  graphic  method. 

EXAMPLE. —  The  folltnving  are  corresponding  values  of  x  and y  for  a  certain  curve ; 
find  the  abscissa  of  the  centre  of  gravity  of  the  area  enclosed  by  this  curve,  the  ordinates 
at  x  =  i  and  x  =  5,  and  the  axis  ofx. 


X 

I 

«'S 

2 

2'5 

3 

3-5 

4 

4'5 

5 

5'3 

V 

3'52 

3'45 

3'I6 

2*67 

Z'OO 

1-56 

i  '40 

1*40 

1-65 

2'OO 

Plotting  the  given  values  of  x  and^/  we  get  the  curve  PQ. 


2345 

Values  of  x 

FIG.  180. 
Plotting  the  values  of  xy  and/2  we  get  the  curves  RS  and  TQ. 
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The  work  may  be  set  out  as  follows — 


(l) 

W 

(3) 

(4) 

(5) 

(6) 

(7) 

No.  of 
ordinate. 

X 

^ 

SM 

j/xSM 

.ryXSM 

yl  X  SM 

I 

TO 

3'52 

1 

3'52 

3'52 

12-39 

2 

i'5 

3'45 

4 

13-80 

20-70 

47-61 

3 

2'0 

3'i6 

2 

6-32 

12*64 

19-97 

4 

2'5 

2-67 

4 

10-68 

26-70 

28-52 

5 

3-0 

2'OO 

2 

4-00 

1  2  '00 

8-00 

6 

3'5 

1-56 

4 

6*24 

2I-84 

973 

7 

4'0 

I'40 

2 

2-80 

II'2O 

3-92 

8 

4'5 

I'4O 

4 

5  -60 

25'2O 

7-84 

9 

S'o 

I-6S 

I 

1-65 

8-25 

2-72 

S4'6i 

I42-OS 

140-7 

Column  (5)  is  obtained  as  the  product  of  the  numbers  in  (3)  and  (4) 
„       (6)  „  „  „  (2)    „    (5) 

»       (7)  i>  ii  ,.  (3)    „    (5) 

Adding  the  numbers  in  column  (5)  and  multiplying  by  -  =  5,  we  obtain  the  area 
under  the  curve  PQ  from  x  =  I  to  x  —  5. 

/*  =  \  X  54-61 

Adding  the  numbers  in  column  (6)  and  multiplying  by  £,  we  obtain  the  area 
under  the  curve  RS  from  x  =  i  to  x  —  5. 


xydx  =  J  X  142-05 
\xydx 


ydx 


54'6i 


Adding  the  numbers  in  column  (7)  and  multiplying  by  \,  we  obtain  the  area 
under  TQ  from  x  =  I  to  x  =  5. 


=  t  X  1407 

f5 


_         '407       _  j. 


ydx 


29 


.*.  the  centre  of  gravity  is  at  the  point  G,  whose  co-ordinates  are  (2 '60,  1-29). 

Note  that  it  is  not   necessary  actually  to  carry  out  the  multiplication  by   the 
factor  -,  since  this  occurs  in  both  numerator  and  denominator  of  the  expressions 

for  x  and  y. 

In  practice  the  curves  RS  and  TQ  need  not  be  drawn  ;  the  values  of  xy  and  y* 
necessary  for  the  calculation  of  the  integrals  may  be  found  from  the  curve  PQ. 
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Note  that  this  method  of  finding_y  has  only  been  shown  to  apply  when  the  base  of 
the  area  consider  ed  is  the  axis  of  x.  To  find  y  in  other  cases  we  may  divide  the  area 
into  elements  parallel  to  the  axis  of  x  ;  y  is  then  given  by  the  relation 


I 

J 


*ydy 


xdy 


where  c  and  d  ave  the  limiting  values  of  y,  and  x  denotes  the  width  of  the  figure 
measured  parallel  to  the  axis  of  x. 


EXAMPLES.— CVIII. 

1.  A  curve  passes  through  the  following  points.  Find  the  abscissa  of  the  centre 
of  gravity  of  the  area  enclosed  by  this  curve,  the  ordinates  at  x  =  0*5  and  x  =  6-5, 
and  the  axis  of  x. 


X 

0-5 

1*2 

2-3 

3'2 

4'5 

5*4     • 

6-1 

6-5 

y 

5-0 

3'6 

27 

2'45 

2'34 

2'43 

2-6 

275 

2.  The  height  of  a  certain  figure  is  measured  at  different  points  along  the  axis  of 
x,  as  given  in  the  following  table.     Find  the  abscissa  of  its  centre  of  gravity. 


X 

0-3 

I 

•1 

2'0 

2-6 

3'2 

3'5 

4-0 

4'4 

S'o 

5'3 

y 

0 

0-42 

0-585 

076 

i  '055 

i'53 

2-4 

2*19 

i  '92 

1-15 

0 

3.  Plot  a  curve  from  the  following  values  of  x  and  y.  Find  the  abscissa  of  the 
centre  of  gravity  of  the  area  enclosed  by  this  curve,  the  line^  =  IO,  and  the  ordinates 
at  x  =  20  and  x  =  40. 


n 

20 

26 

30 

32'5 

36 

38 

40 

y 

30-3 

46-1 

58 

65  '9 

77-6 

84-6 

91-9 

4  Find  the  co-ordinates  of  the  centre  of  gravity  of  the  area  enclosed  by  the  curve 
given  by  the  following  values,  the  ordinates  at  x  =  3"!  and  x  =  5'2,  and  the  axis 
of*:— 


X 

3-10 

3-56 

4"i 

485 

5-20 

y 

22-47 

19-19 

»5'97 

12-85 

11-72 

2    A 
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5.   Find  the  co-ordinates  of  the  centre  of  gravity  of  the  area  within  the  closed 
curve,  which  passes  through  the  following  points  in  the  order  given  : — 


X 

\'\ 

1-8 

2-6 

3'8 

4'4 

5'2 

5'35 

5-1 

4'3 

3'i 

2'0 

I  '2 

07 

0-6 

1*1 

y 

I'D 

0-3 

0-08 

0-40 

07 

17 

2-6 

375 

5-i7 

5-83 

S'S 

4-6 

3-25 

2*1 

I'D 

6.  Find   by  the  graphic  method   the  position  of  the  centre  of  gravity  of  the 
quadrant  of  a  circle  of  radius  4  ins.     Also  find  the  centre  of  gravity  by  experiment, 
and  compare  the  results.  

7.  The  equation  to  half  of  an  ellipse  is  y  =  */i  —  o'2$x*.     Plot  this  curve,  and 
find  by  the  graphic  method  the  centre  of  gravity  of  the  area  enclosed  between  this 
curve  and  the  axis  of  x. 

8.  ABCD  is  the  section  of  a  bar.     AB,  BC,  CD  are  three  adjacent  sides  of  a 
regular  hexagon.     AD  measures  I  ft.     Find  by  the  graphic  method  the  position  of 
the  centre  of  gravity  of  the  section. 

206.  Centre  of  Gravity  of  a  Curve. 

EXAMPLE. — The  curve  shown  in  the  figure  represents  a  thin  uniform  wire.     Fini 
the  position  of  its  centre  of  gravity. 


2  3 

FIG.  181. 


Divide  the  curve  into  small  elements  of  some  convenient  length.  Then  each 
element  is  approximately  a  short  straight  rod,  and  its  centre  of  gravity  is  situated  at 
its  mid  point. 

In  this  case  we  divide  the  curve  into  elements  J  in.  long.  Take  the  mass  of  each 
J  in.  element  as  the  unit  of  mass.  The  length  of  the  last  element  at  B  is  O'HS  in., 
and  its  mass  is  therefore  0*46. 

Take  any  convenient  axes  of  x  and  y.     Then,  since 


_ 
y  — 


*(*») 


We  shall  obtain  the  approximate  position  of  the  centre  of  gravity  by  the  following 
method : — 
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Multiply  the  mass  of  each  element  by  the  value  of  x  at  its  mid  point,  and  add  the 
products  obtained.  Divide  the  sum  by  ihe  total  mass  of  the  curve.  The  result  is  the 
abscissa  of  the  centre  of  gravity.  In  the  same  way  the  ordinate  of  the  centre  of  gravity 
may  be  found. 

Substituting  the  values  from  the  curve,  we  find 

51-28 

=  3'32 


- 

y- 


i5'46 
48-26  _ 
~  I5'46~ 


Thus  the  centre  of  gravity  is  at  the  point  G  (3*32,  3-12)  in  the  figure. 

206a.  Centre  of  Gravity  of  a  Uniform  Circular  Arc. 

Take  the  centre  O  of  the  arc  as  origin,  and  the  middle  radius  OC  as  initial  line 
of  polar  co-ordinates  (Fig.  i8iA). 


Let  2o  be  the  angle  which  the  arc  subtends  at  the  centre,  and  (r,  0)  and  (r,  0  +  $6) 
the  polar  co-ordinates  of  two  adjacent  points  P,  Q  on  the  arc. 

Let  w  =  weight  of  unit  length  of  the  arc. 

By  symmetry  the  centre  of  gravity  lies  on  OC.  Let  G  be  its  position.  Draw 
OD  perpendicular  to  OC. 

Then,  weight  of  portion  PQ  =  wrSO. 

Moment  of  portion  PQ  about  CD  =  ON  .  wr$0  =•  wt2  cos  069,  SO  being  a  small 
quantity. 


.'.  OG.  = : 


wr*  cos  6  JO 


2  sin  a  _     sin  a 


EXAMPLES.— CIX. 

1.  Plot  a  curve  from  the  following  values  of  x  and  y.  Find  the  co-ordinates  of 
the  centre  of  gravity  of  a  uniform  wire  bent  into  this  shape,  the  ends  of  the  wire  being 
at  the  points  (0-7,  3-54)  and  (5,  6). 
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X 

07 

i  "3 

2'0 

2-6 

3'4 

4-0 

5-0 

y 

3'54 

4'35 

S'o 

5  '4 

575 

5-9i 

6-0 

2.  A  curve  passes  through  the  following  points  in  the  order  given.     Find  the 
position  of  its  centre  of  gravity. 


X 

19 

17 

'7 

21 

26 

36 

45 

48 

So 

53 

62-6 

66 

677 

61 

y 

IO 

20 

29 

38 

43 

45 

38-5 

3T5 

27 

18 

IS 

18 

24 

3i 

3.  Find  the  position  of  the  centre  of  gravity  of  the  perimeter  of  the  figure  in 
Example  CVI1I.  5. 

4.  Find  by  the  graphic  method  the  position  of  the  centre  of  gravity  of  the  arc  of 
a  semicircle  of  radius  4  inches. 

5.  Draw  an  arc  of  a  circle  of  radius  10  inches,  subtending  a  chord  of  length 
5  inches.     Find  the  distance  of  the  centre  of  gravity  of  the  arc  from  the  curve. 

6.  Show  that  the  centre  of  gravity  of  a  sector  of  a  circle  of  radius  a  and  angle  20 

is  at  a  distance  §  .  !11L?  a  from  the  centre. 


207.  Centre  of  Gravity  of  a  Solid  of  Uniform  Density. 


FIG.  i8a. 


Take  a  fixed  axis  of  x  in  the  body.  Divide  the  body  into  thin  plates  by 
a  series  of  planes  perpendicular  to  the  axis  of  jr. 

Let  far  be  the  thickness  of  any  plate  and  A  its  area.  Then  its  volume, 
which  is  proportional  to  its  mass,  is  A5jr.  And 

approximately 

the  values   of  x  in  the  numerator  being  measured  to  some  point  within 
the  corresponding  thin  plate. 

In  the  limit,  as  Sjr  is  diminished  and  the  number  of  divisions  increased, 
this  becomes 

/•* 
kxdx 


/: 


where  a  and  b  are  the  values  of  x  for  the  two  end  sections. 

The  law  connecting  A  and  x  may  be  given  by  means  of  an  equation  or 
by  an  empirical  series  of  values  obtained  by  measurement  at  various  points 
along  the  axis.  In  the  latter  case  the  above  integrals  may  be  found  by  a 
graphic  method. 
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EXAMPLE. — The  cross-sectional  area  A  of  a  certain  body  of  uniform  density  is 
measured  at  right  angles  to  a  fixed  axis  in  the  body,  x  is  the  distance  of  a  section  from  a 
fixed  point  on  this  axis. 

Thefollmving  table  gives  corresponding  values  of  A  and  .r.  Find  the  value  of  x  at 
the  centre  of  gravity  of  the  body. 


X 

I 

I  '4 

'       2 

3 

4 

S 

6 

7 

A 

o 

2-5 

4^5 

5 

5 

48 

4'33 

3-86 

We  have 


f. 

*=   "77 

A 


Plotting  A  and  JT  we  get  the  curve 


345 
Values  of  x 

FIG.  183. 


'  f  \dx  i 


The  value  of  \  l^dx  is  the  area  between  this  curve  and  the  axis  of  *. 

This  is  found  to  be  26 '2. 
To  find  the  value  of  the  numerator  we  require  to  plot  the  values  cf  A*  and  x. 
Multiplying  the  given  values  of  A  and  x  in  pairs  we  get  the  values  of  A*  as 
follows : — 
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X 

i 

i  '4 

2 

3 

4 

5 

6 

7 

A* 

0 

3'5 

8'5 

'5 

20 

24 

26 

27 

Plotting  these  values  we  get  the  curve  PS. 

Then  the  value  of  I  t^xdx  is  the  area  between  PS  and  the  axis  of  x. 

J  i 
This  is  found  to  be  1077. 

-      107-7 
•••*=  267  =4-.  I 

i.e.  the  centre  of  gravity  is  situated  in  that  section  of  the  solid  for  which  x  =  4*11. 


208.  Centre  of  Gravity  of  a  Solid  of  Revolution. — This  is  a  special 
case  of  the  last  method. 

The  sections  of  the  solid  by  planes  perpendicular  to  the  axis  of  revolution 
are  circles.  Let  the  solid  be  cut  by  such  planes  into  thin  circular  discs  of 
thickness  84-  and  radius^,  then  A  =  nj/2,  and  we  have 


rb  p 

I  kxdx       I  y*xdx 

~L  _  J_  <* _  J  " 

f*  ~     P 

I  kdx         \yidx 


EXAMPLE  (i). — Find  the  centre  of  gravity  of  a  solid  hemisphere. 

Let  a  be  the  radius  of  the  hemisphere.  Take 
the  centre  as  origin  and  the  radius  perpendicular  to 
the  plane  surface  as  axis  of  x. 

Then  the  hemisphere  is  a  solid  of  revolution 
formed  when  the  quadrant  of  a  circle  of  radius  a 
revolves  about  the  axis  of  x. 


Fie.  184 


fdx 


where  (x,  y)  are  the  co-ordinates  of  any  point  on  the 
generating  curve. 

But  we  have  x*  +yl  =  a*,  and  .'.,  substituting 
y*  =  a*  —  x"1  in  the  above, 


7>  -*•>* 

J  0 

Ca2#*      *4~j°        a4 
~2         4  !o  _  4 
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The  centre  of  gravity  of  a  solid  hemisphere  is  on  the  axis  at  a  distance  of  ij  of  the 
radius  from  the  centre. 

EXAMPLE  (2).—  The  curve  y  =  3  +  -  revolves  about  the  axis  of  x  so  as  to  generate  a 

solid  of  revolution.     Find  the  centre  of  gravity  of  the  portion  of  this  solid  which  lies 
between  the  sections  at  x  =  2  and  x  =  4-8. 


We  have 


/ 

y  a 


x* 

9.— 


Since  the  body  is  symmetrical  with  respect  to  the  axis  of  x,  we  also  know  that  the 
centre  of  gravity  lies  on  the  axis  of  x,  and  its  position  has  been  completely  determined. 


EXAMPLES. — CX. 

1.  Find  the  centre  of  gravity  of  the  cone  formed  by  the  straight  line  y  =  \x 
rotating  about  the  axis  of  x,  the  base  of  the  cone  being  a  plane  perpendicular  to  OJT 
at  the  point  x  =  6. 

2.  Find  the  centre  of  gravity  of  the  frustum  of  the  cone  in  example  I,  which  lies 
between  the  sections  at  x  —  3  and  x  =  6. 

3.  Prove  that  the  centre  of  gravity  of  a  right  circular  cone  of  height  A  lies  at  a 
distance  \h  from  the  vertex. 

4.  The  radii  of  the  ends  of  a  frustum  of  a  cone  are  3  and  7  ins.  respectively,  and 
its  height  is  9  ins.     Find  the  distance  of  its  centre  of  gravity  from  the  smaller  end. 

5.  Find  the  position  of  the  centre  of  gravity  of  the  frustum  of  a  sphere  of  radius 
5  ins.     The  radii  of  the  plane  faces  are  4  and  3  ins. 

6.  The  curve  y  =  JT  —  2x  +  2  rotates  about  the  axis  of  x.     Find  the  centre  of 
gravity  of  the  solid  of  revolution  generated  between  the  sections  at  x  =  o  and  x  =  3. 

7.  The  parabola  y  =  i6*/x  rotates  about  the  axis  of  x.     Find  the  position  of  the 
centre  of  gravity  of  the  paraboloid  of  revolution  which  is  generated  between  *  =  o 
and  x  =  1 6. 

8.  Find  the  centre  of  gravity  of  the  portion  of  the  same  paraboloid  lying  between 
sections  at  x  =  4  and  x  =  9. 


209.  Centre  of  Gravity  of  a  Solid  of  Revolution— Graphic  Method. 

EXAMPLE. — The  curve  given  by  the  following  values  of  x  and  y  revolves  about  the 
axis  of  x.  Find  the  centre  of  gravity  of  the  solid  of  revolution  which  it  generates 
between  the  end  sections  at  x  =  3  and  x  =  9. 
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X 

y 
? 

3 
i 

37 

4'3 

S 

S'S 

6-3 

7 

7*S 

8 

86 

9 

3'35 

no 

1-19 

1-30 

i  "395 

i  -60 

1-85 

2'IO 

2'43 

2-925 

I 

I'2I 

1-42 

i  '69 

i  '95 

2-56 

3'42 

4-41 

5'90 

8-SS 

11-22 

*? 

3 

4'5 

6-1 

8.4 

107 

16-1 

23'9 

33-o 

47-2 

73'6 

101 

We  hai 

Calcula 
the  curve  1 

11 
10 
9 

8 

« 
=fc  7 

<& 
8    6 

i. 

4 
8 
2 
1 

O 

i 

r 

—       J  3 
'C                                                             *=      ,g 

y  i 

ting  the  values  of  y*t  as  shown 

3Q. 

^</Jr 

/rfi 
n  the  third  line  above,  and  plotting,  we  get 

Q 

110 

S 

1QO 
90 
80 

70  j* 

fc 

GO    « 
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40 
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2O 
1O 
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FIG.  185. 

The  area  between  this  curve  and  the  axis  of  x  is  found  to  be  20*1. 

=  20'I 


Multiplying  in  pairs  the  corresponding  numbers  in  the  first  and  third  lines,  we  get 
the  values  of  xy"  given  in  the  fourth  line. 
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Plotting  these,  we  get  the  curve  RS. 

The  area  between  this  curve  and  the  axis  of  x  is  found  to  be  142-5. 


xy'dx  —  142-5 
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EXAMPLES. — CXI. 

1.  The  curve  given  by  the  following  values  of  y  and  x  rotates  about  the  axis  of  x. 
Kind  the  position  of  the  centre  of  gravity  of  the  solid  of  revolution  which  it  generates. 


X 

2 

2-8 

3'5 

4'5 

5'5 

6-4 

7'3 

8-0 

y 

I 

2'O6 

271 

3-25 

3'39 

3-3° 

2-80 

i  -80 

2.  Find  the  position  of  the  centre  of  gravity  of  the  solid  of  revolution  specified  in 
Examples  CVL,  I. 

3.  Find  the  position  of  the  centre  of  gravity  of  a  solid  hemisphere  of  5  inches 
radius   by  the   graphic   method,  and   compare   with   the   result   obtained   by  direct 
integration. 

4.  A  is  the  area  of  the  vertical  cross-section  of  a  solid  at  distance  x  from  one  end. 
Find  the  distance  of  the  centre  of  gravity  from  that  end. 


*ft. 

0 

25 

50 

100 

150 

206 

230 

240 

250 

A  sq.  ft. 

I 

MS 

214 

260 

277 

250 

188 

140 

I 

5.  Find  the  centre  of  gravity  of  the  water  displaced  by  the  buoy  whose  dimensions 
are  given  in  Example  CVL,  6. 


210.  Theorem  of  Pappus  for  the  Volume  of  a  King. — A  closed  figure 
rotates  about  an  axis  in  its  plane  so  as  to  generate  a  ring.  To  find  the 
volume  of  the  ring. 

Divide  the  total  area  A  of  the  rotating  figure  into  small  elements  of  area 
8A,  and  let  x  be  the  distance  of  any  element  from  the  axis  of  rotation  PQ. 

Then  the  element  8A  traces  out  a  thin  circular  ring  of  radius  x. 

The  volume  of  this  ring  is  27TA-SA,  and  the  volume  of  the  ring  generated 
by  the  whole  area  A  is  the  sum  of  the  terms  2wjr5A  for  all  the  elements  SA. 

But  if  we  divide  an  area  A  into  small  elements  and  multiply  each  element 
by  its  distance  x  from  an  axis,  the  sum  of  the  products  is  in  the  limit  equal 
to  x .  A  (vide  p.  297)  where  x  is  the  distance  of  the  centre  of  gravity  of  the  area 
from  PQ. 

.*.  the  volume  of  the  ring  =  I-KX  .  A  ;  i.e.  it  is  equal  to  the  area  of  the 
rotating  figure  multiplied  by  the  circumference  of  the  circle  traced  out  by  its 
centre  of  gravity. 
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In  the  same  way  it  follows  that  if  the  area  A  does  not  rotate  through  a 
whole  circle,  the  volume  traced  out  is  equal  to  the  area  A  multiplied  by  the 
length  of  the  path  of  its  centre  of  gravity. 


If  A  rotates  through  an  angle  6  radians,  then  the  volume  of  the  solid 
traced  out  is  6 .  x .  A. 


211.  Theorem  of  Pappus  for  the  Area  of  the  Surface  of  a  Ring.  — 
Let  a  closed  curve  of  perimeter  S  rotate  about  an  axis  in  its  plane  so  as  to 
generate  a  ring.  To  find  the  area  of  the  surface  of  the  ring. 

Divide  the  perimeter  S  into  small  elements  8S  (Fig.  186). 

Let  x  be  the  distance  of  SS  from  the  axis  of  rotation  PQ.  Then  5S  traces 
out  a  ring  whose  area  is  27r.i'8S. 

The  whole  area  is  therefore 


where  x  now  refers  to  the  centre  of  gravity  of  the  perimeter  S  and  not  to  the 
centre  of  gravity  of  the  area  A  of  the  figure. 

Thus  the  area  of  the  surface  of  a  ring  is  equal  to  the  length  of  the 
generating  curve  multiplied  by  the  length  of  the  path  traced  out  by  its 
centre  of  gravity. 

If  S  is  not  a  closed  curve  this  method  gives  the  area  of  one  side  of  the 
surface  of  revolution  which  it  traces  out. 

NOTE.  —  These  theorems  are  sometimes  attributed  to  Guldin,  who  published  them 
in  the  sixteenth  century.  They  had,  however,  been  previously  discovered  by  Pappus  in 
the  third  century,  A.D. 


EXAMPLE  (l). — Find  an  expression  for  the  volume  and  area  of  the  surface  of  an 
anchor  ring. 

An  anchor  ring  is  generated  when  a  circle  rotates  about  an  axis  in  its  plane.  Let 
r  be  the  radius  of  the  rotating  circle,  and  R  the  radius  of  the  circle  traced  out  by  its 
centre  (Fig.  186). 

Then  the  area  of  the  rotating  circle       =  irr1 
Length  of  path  of  its  centre  of  gravity  =  2irR 

/.  volume  of  anchor  ring  =  2»2Rrf 
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To  find  the  area  of  the  surface  we  have 

Perimeter  of  rotating  curve  =  2»r 
Length  of  path  of  its  centre  of  gravity  =  2irR 

.*.  area  of  surface  of  anchor  ring  =  4irR  •  r 


Ex  AMPLE  (2). — The  curve  whose  centre  of gravity  was  found  in  §206,  revolves  about 
the  axis  of  x  so  as  to  generate  a  surface  of  revolution.     Find  the  area  of  this  surface. 

We  found  that  the  length  of  the  curve  was  3-865  inches,  and  the  ordinate  of  its 
centre  of  gravity  was  3-12  half-inch  unites  =  1-56  inches. 

.*.  the  centre  of  gravity  traces  out  a  circular  path  of  radius  1-56  inches. 
The  area  of  the  surface  is 

3-865  X  2w  X  1-56  =  38-5  square  inches 
This  is,  of  course,  the  area  of  one  side  only  of  the  surface. 


EXAMPLE  ($.—Find  the  area  of  the  surface  of  a  sphere. 

The  sphere  may  be  regarded  as  being  generated  by  the  revolution  of  a  semicircle 
about  a  diameter. 

If  x  be  the  distance  of  the  centre  of  gravity  of  the  curve  from  the  axis,  the  length 
of  the  path  of  the  centre  of  gravity  is  2trx. 

By  §  2o6a  we  have 


—      sin  a         2r 
x  = r  =  — 

*  Tt 


Also  length  of  curve  =  *r. 


.'.  Area  of  surface  of  sphere  =  vr .  2ir  — 
=  4-irr3 


EXAMPLES. — CXII. 

1.  The  mean  radius  of  the  rim  of  a  cast-iron  flywheel  is  3  ft.,  width  9  ins.,  thick- 
ness, measured  in  direction  of  radius,  6  ins.     Find  its  weight.     I  cub.  in.  of  cast 
iron  weighs  o-26  Ib. 

2.  The   cross-section  of  an  anchor  ring   is  an  ellipse,  of  which  the   principal 
diameters  are  3  ins.  and  I  '5  ins.     The  mean  diameter  of  the  ring  is  18  ins.     Find  its 
volume. 

3.  Verify  by  the  theorem  of  Pappus  that  the  volume  of  a  cone  is  one-third  of  the 
volume  of  a  cylinder  of  the  same  height  on  the  same  base. 

4.  The  mean  diameter  of  a  pneumatic  tyre  is  28  ins.     The  inside  diameter  of  the 
air  tube  when  the  tyre  is  inflated  in  position  is  I  '3  ins.     What  volume  of  air  will  it 
hold  ?     How  many  square  inches  of  indiarubber  are  needed  to  make  the  inner  tube  ? 

5.  Find  the  weight  of  a  wrought-iron  ring  whose  cross-section  is  an  ellipse. 
Radius  of  ring  measured  to  centre  of  ellipse  =  13  ins.     Principal  diameters  of  ellipse 
3  ins.  and  2  ins.     I  cub.  in.  of  wrought  iron  weighs  o'28  Ib. 

6.  A  bend  in  a  wrought-iron  pipe  is  in  the  form  of  the  quadrant  of  a  circle  of 
mean  radius  6J  ins.     The  bore  is  2  ins.,  and  the  thickness  of  the  metal  0*176  in. 
Find  the  weight  of  the  bend. 

7.  A  cylinder  circumscribes  a   sphere.      Two   parallel  planes  are  drawn  per- 
pendicular to  the  axis  of  the  cylinder.     Show  that  they  include  equal  areas  on  the 
surfaces  of  the  sphere  and  cylinder. 
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212.  IF  a  mass  m  moves  along  a  straight  line  with  uniform  velocity  v  and 
without  rotating,  we  know  that  its  kinetic  energy  is  equal  to  \mv*.  This 
quantity  measures  the  amount  of  work  which  the  body  will  do  against  a 
resistance  before  coming  to  rest. 

We  may,  however,  wish  to  know  the  kinetic  energy  of  a  rotating  body, 
such  as  a  flywheel.  In  this  case  the  different  parts  of  the  body  are  moving 
with  different  velocities,  and  there  is  no  single  value  of  -v  for  the  whole  body 
as  in  the  former  instance. 

We  require  to  find  some  method  of  calculating  the  kinetic  energy  of  a 
rotating  body. 

First  consider  a  simple  case,  such  as  the  following  :  — 

Masses  of  5,  4,  6,  and  9  units  are  fixed  on  a 
light  rigid  framework,  whose  mass  may  be 
neglected,  at  distances  of  3,  2,  3-5,  and  2'5  ft. 
from  an  axis  about  which  the  whole  framework 
rotates  at  the  uniform  rate  of  a>  radians  per 
second. 

Find  the  total  kinetic  energy  of  the  four 
masses. 

The  mass  of  5  units  is  tracing  out  an  arc  of 
3u>  per  second,  i.e.  at  any  instant  the  linear  ve- 
locity of  the  mass  of  5  units  is  3«  ft.  per  second. 
Therefore  its  kinetic  energy  is  \  .  5  .  y  .  «2. 

Similarly  the  kinetic  energy  of  the  mass  of 
4  units  is  \  .  4  .  22  .  o>2,  and  so  on. 
The  whole  kinetic  energy  is 


FIG.  187. 


x  38  +  4  x 


6  x  3'5*  +  9  x 


=  \  .  19075  x 


The  whole  mass  is  24,  and 


19075  =  24  x  8-25  =  24  x  (2'82)2 

.*.  the  total  kinetic  energy  is  \  .  24  (2'82)2  .  «a. 

This  is  the  same  as  if  the  whole  mass  of  24  units  were  concentrated  in  a 
ring  at  a  distance  of  2^82  ft.  from  the  axis. 

The  radius  2'82  ft.  is  called  the  radius  of  gyration.  It  is  the  root  mean 
square  of  the  distances  of  all  the  separate  units  of  mass  from  the  axis. 

If  we  have  any  number  of  masses  m  at  various  distances  r  from  the  axis, 
and  if  M  is  the  total  mass  and  k  the  radius  of  gyration,  then,  as  in  the  above 
example, 
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where  2(wr*)  denotes  the  result  of  multiplying  each  mass  by  the  square  o( 
its  distance  from  the  axis  and  adding  the  results. 

The  quantity  2(wr2)  =  Myfc2  is  called  the  moment  of  inertia  of  the  whole 
mass  about  the  axis. 


213.  Moment  of  Inertia  of  a  Continuous  Rigid  Body.  —  In  actual 
cases,  however,  which  occur  in  experience,  we  have  to  deal  with  the  rotation 
of  bodies  whose  mass  is  not  collected  at  a  few  isolated  points,  as  in  the 
above  example,  but  is  spread  throughout  the  whole  of  the  body.  In  such 
cases  we  can  find  the  moment  of  inertia  by  integration. 

EXAMPLE  (I).  —  Find  the  moment  of  inertia  of  a  solid  wheel,  of  uniform  density  and 
thickness,  about  an  axis,  through  its  centre  and  perpendicular 
to  its  plane. 

Let  a  be  the  radius  of  the  wheel,  m  the  mass  of  a 
portion  I  sq.  ft.  in  area,  and  of  thickness  equal  to  the  thick- 
ness of  the  wheel,  and  M  the  mass  of  the  whole  wheel. 

Divide  the  wheel  into  thin  concentric  rings  of  radius  r 
and  radial  thickness  Sr. 

Then  the  mass  of  any  one  ring  is  m  .  2trr5r. 

The  moment  of  inertia  of  one  ring  is  m  .  2-rrSr  .  r*  = 
2*r*  .  mSr. 

The  moment  of  inertia  of  the  whole  wheel  is  the  limit 
of  the  sum  of  the  terms  2irrsm$r  for  all  the  rings  from 
r  =  o  to  r  =  a,  when  Sr  is  taken  smaller  and  smaller. 


FIG.  i 


ia  =  I 


.*.  the  moment  of  inertia 
The  mass  of  the  whole  wheel  is  -itcPm 

.*.  moment  of  inertia  =  tca^m .  —  =  M  — ,  and  /6Z  =  — 

22  2 

i.e.  the  energy  of  the  rotating  wheel  is  the  same  as  if  its  whole  mass  were  concentrated 


in  a  ring  of  radius  —7=  =  o' 707*1. 


EXAMPLE  (2). — Find  the  moment  of  inertia  of  a  uniform  rectangle,  of  length  a  and 
breadth  b,  about  an  axis  through  its  centre 
parallel  to  the  side  b. 

In  speaking  of  the  moment  of  inertia  of 
an  area,  we  shall  take  the  mass  of  unit  area 
as  the  unit  of  mass,  so  that  the  mass  of  any 
portion  of  the  figure  may  be  taken  as 
numerically  equal  to  its  area. 

Take  the  mid  point  of  the  side  DC  =  a 
as  origin  and  axes  along  and  perpendicular 
to  DC. 

Divide  the  rectangle  into  thin  strips  of 
breadth  Sx  and  length  b  by  lines  parallel  to 
QX.  Then  mass  of  one  strip  =  6Sx. 


D;  o 

«<- a >» 

FIG.  189. 


-X. 


.*.  moment  of  inertia  of  one  strip  about  O/  =  fax  .  x*  =  bx'Ux. 

Moment  of  inertia  of  whole  rectangle  =  limit  of  sum  of  terms  bx?*x,  when  8*  is 
indefinitely  diminished 
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r 

=  I      bx* 


bx*dx 


bo?        ,(f       -..noi2 

=  —  =  ab—  =  M — 

12  12  12 


EXAMPLE  (3). — Find  the  moment  of  inertia  and  radius  of  gyration  of  a  triangle 
ABC  about  an  axis  through  A  and  parallel  to  BC. 


FIG.  190. 

Draw  AN  perpendicular  to  BC,  and  take  AN  as  axis  of  x ;  let  AN  =  h.     Divide 
the  triangle  into  thin  strips  parallel  to  BC. 

Let  x  be  the  distance  of  any  strip  from  A,  and  ^x  its  width. 
Then  its  length  =  -7 .  x,  and  its  mass  =  -  xSx 


.'.  moment  of  inertia  of  the  strip  = 


-. 


Moment  of  inertia  of  whole  triangle  = 


'#  ,  ,        ah*      ah     K*      -».    h* 

-y?dx  =  -.  —  =  —  .  —  =  M .  — 

fl  h       4          2        2  2 


and  t*  =  — 

2 

Note  that  the  moment  of  inertia  of  the  whole  triangle  is  the  same  as  that  of  three 

M 
particles  each  of  mass —  situated  at  the  mid  points  of  the  sides. 


EXAMPLES. — CXIII. 

1.  Weights  of  5,  7,  12,  and  14  Ibs.  are  fixed  to  a  light  rigid  framework  at  distances 
°^3>  4»  7i  and  2  ins.  respectively  from  a  fixed  axis.    If  the  whole  framework  revolves 
about  the  axis  at  300  revolutions  per  minute,  what  is  the  total  kinetic  energy  of  the 
weights  ?    At  what  distance  from  the  axis  should  they  all  be  placed  together  so  as  to 
have  the  same  total  kinetic  energy  ? 

NOTE. — To  get  the  kinetic  energy  in  foot-pounds,  take  32'2  Ibs.  as  the  unit  of 
mass,  and  I  ft.  as  the  unit  of  length. 

2.  Find  the  moment  of  inertia  about  its  axis  of  a  hollow  cylinder  of  mass  M,  inner 
radius  i>,  outer  radius  a. 

3.  Find  the  moment  of  inertia  of  a  thin  bar,  3  ft.  long,  and  weighing  3-5  Ibs., 
about  an  axis  through  one  end  and  perpendicular  to  its  length.     What  is  its  kinetic 
energy  when  it  is  rotating  about  this  axis  at  the  rate  of  loo  revolutions  per  minute  ? 

4.  Find  the  moment  of  inertia  of  a  uniform  rectangular  sheet  of  metal,  3  ft.  by 
4  ft.,  weighing  6  Ibs.  about  an  axis  through  one  of  the  shorter  sides. 
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FIG. 


214.  Moment  of  Inertia  about  Two  Perpendicular  Axes. — If  we 
know  the  moment  of  inertia  of  an  area  about  two  perpendicular  axes  in  its 
plane,  we  can  find  its  moment  of  inertia 
about  a  third  axis  perpendicular  to  its 
plane. 

Let  (.*•,  y)  be  the  co-ordinates  of  a 
point  P  in  the  area.  Then  .the  moment 
of  inertia  of  a  small  mass  SM  at  P 
about  the  axis  of  x  is  ^28M,  and  its 
moment  of  inertia  about  the  axis  of  y 
is  j^SM.  But  the  moment  of  inertia 
about  an  axis  through  O  and  perpen- 
dicular to  the  plane  of  the  area  is 
r25M  =  ^SM  +  J25M  ;  i.e.  the  moment 
of  inertia  of  each  element  of  mass  SM 
about  an  axis  through  O  and  perpen- 
dicular to  OX  and  OY  is  equal  to  the 

sum  of  its  moments  of  inertia  about  OX  and  OY.  It  follows  by  addition  that 
this  is  also  the  case  for  the  moment  of  inertia  of  the  whole  area,  or,  if  I,  and 
I2  are  the  moments  of  inertia  of  the  area  about  OX  and  OY,  and  I  is  the 
moment  of  inertia  about  OZ,  which  is  perpendicular  to  OX  and  OY,  then 

I  =  I,  +  I, 

EXAMPLE. —  To  find  the  moment  of  inertia  of  a  circular  disc  about  a  diameter. 
We  have  seen  that  the  moment  of  inertia  about  an  axis  through  the  centre,  and 
perpendicular  to  the  plane  of  the  circle,  is  M— .     This  is  the  sum  of  the  moments  of 

inertia  about  two  diameters  at  right  angles  by  the  above  theorem. 

By  symmetry  these  moments  of  inertia  are  equal,  and  therefore  each  of  them  is 

equal  to  M— . 
4 

215.  Principle  of  Parallel  Axes. — Given  the  moment  of  inertia  of  a 
body  about  an  axis  through  its  centre  of  gravity,  to  find  its  moment  of 
inertia  about  a  parallel  axis  at  a  distance  h  from 
the  former. 

Let  P  be  any  point  in  the  body,  and  let  a 
plane  through  P  perpendicular  to  the  two  axes 
cut  the  axis  through  the  centre  of  gravity  in  G 
and  the  other  axis  in  O.  Then  OG  =  h. 

Produce  OG  to  N,  and  draw  PN  perpen- 
dicular to  ON.  Let  PG  =  r,  GN  =  .r,  and  let 
there  be  a  small  element  of  mass  5M  at  P. 
Then  the  moment  of  inertia  of  SM  about  the  axis 
through  O  is 


OP2 .  5M  =  h"  +  t*  +  ihx 


(§27) 


The  moment  of  inertia   of  the   whole  body 
about  the  axis  through  O  is  therefore 


FIG.  ir>«. 


I,  =  2(/;2  +  r2  +  2/w)5M 
=  /*228M  +  2(r25M) 

But  25  M  =  M,  the  whole  mass  of  the  body 

2V/  -SM)  =  moment  of  inertia  of  the  body  about  the  axis  through  G  =  I 
2(r8M)  =  M~r  =  o .    .    .    (§  202) 
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where  x  is  the  value  of  x  at  the  centre  of  gravity,  and  is  zero,  since  the  axis 
at  G  passes  through  the  centre  of  gravity. 

.'.  I,  =  I  +  M .  /** 

Or,  in  words,  the  moment  of  inertia  about  any  axis  is  equal  to  the  moment 
of  inertia  about  a  parallel  axis  through  the  centre  of  gravity,  together  with 
the  moment  of  inertia  about  the  former  axis  of  the  whole  mass  supposed 
concentrated  at  the  centre  of  gravity. 

It  follows  that  the  moment  of  inertia  about  an  axis  through  the  centre  of 
gravity  is  less  than  about  any  other  parallel  axis. 

EXAMPLE. —  To  find  the  moment  of  inertia  of  a  rectangle  about  one  edge. 

Let  a  and  b  be  the  length  and  breadth  of  the  rectangle. 

We  have  shown  that  the  moment  of  inertia  about  an  axis  through  the  centre  of 

gravity,  and  parallel  to  the  edge  b,  is  M— • 

We  require  the  moment  of  inertia  about  an  axis  parallel  to  this,  and  at  a  distance 
from  it. 


EXAMPLES.— CXIV. 

1.  Find  the  radius  of  gyration  about  one  side,  of  an  equilateral  triangle  whose 
sides  are  6  ins.  long. 

2.  Find  the  radius  of  gyration  of  a  circle  of  radius  a  about  a  tangent. 

3.  The  section  of  a    y-iron  is  in  the  form  shown  in  the  figure.     BC  =  4", 

AB  =  p'5",  DE  =  3-5",  EF  =  0-5".    Find  the  moment 
g  £    of  inertia  of  the  area  of  the  section  about  an  axis  through 

its  centre  of  gravity  parallel  to  BC. 

—i  4.  In   the  section  of  a  T-5ron,  BC  =  4",  AB  = 

EF  =  0-5",  ED  =  2-5".  Find  the  moment  of  inertia 
of  the  area  of  the  section  about  an  axis  through  the 
centre  of  gravity  parallel  to  BC. 

5.  A  girder  is  formed  of  four  equal  rectangular 
plates  5"  wide  and  O'5"  thick.  In  section  they  enclose 
a  rectangle  5"  by  3 "5",  the  top  and  bottom  plates  over- 
lapping the  side  plates  by  O'25"  on  each  side.  Find 
the  moment  of  inertia  of  the  area  of  the  section  about 
an  axis  through  the  centre  of  gravity,  and  parallel  to  the 
top  and  bottom  plates. 
FIG.  193.  6.  A  solid  wheel  of  I  ft.  radius  and  uniform  thick- 

ness  and    density   weighs   50    Ibs.     Find    its    kinetic 

energy  in  foot-pounds,  ist  when  it  rotates  about  an  axis  through  its  centre  and 
perpendicular  to  its  plane,  2nd  when  it  rotates  about  a  parallel  axis  0*5  in.  from  the 
former.  It  makes  20  revolutions  per  second  in  both  cases. 

7.  What  is  the  moment  of  inertia  about    a    diameter  of  the  cross-section  of  a 
hollow  cylindrical  tube,  I  in.  in  outside  diameter  and  T's  in.  thick  ? 

8.  Show  that  the  moment  of  inertia  of  a  sphere  of  radius  a  about  a  diameter  is 


9.  Show  that  the  moment  of  inertia  of  a  cube  about  an  axis  through  its  centre  of 

a4 
gravity  parallel  to  an  edge  of  length  a  is  M— . 
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216.  Moment  of  Inertia  of  an  Area  about  an  Axis  in  its  Plane. 

In  general,  to  find  the  moment  of  inertia  of  the  area,  bounded  by  the 
curve  y  =  f[x)  and  the  axis  of  x,  about  the  axis  of/,  we  divide  the  area  into 
thin  strips  of  thickness  S.v  and  parallel  to  Oy. 

Then  the  mass  of  each  strip  is  j>5x,  and  x  is  its  distance  from  Oy. 

/.  its  moment  of  inertia  about  Oy  is  xzy$x,  and  the  moment  of  inertia 


0  i* 

FIG.  194. 

of  the  whole  area  about  Oy  is  the  limit  of  2(a^y8.r)  as  8r  is  indefinitely 
diminished. 

.*.  moment  of  inertia  about  Oy  =  I  x*ydx 

where  a  and  b  are  the  limiting  values  of  xior  the  area  considered. 

Similarly,  moment  of  inertia  about  Ox  of  the  area  between  a  curve  and 

fd 

the  axis  of  y  =  I  y*xdy,  where  c  and  d  are  the  limiting  values  of  y. 

If  we  know  the  relation  between  y  and  x,  and  can  evaluate  the  above 
integrals,  the  moments  of  inertia  can  be  calculated  directly.  If  not,  we  can 
find  the  values  of  the  integrals  for  any  particular  case  by  the  graphic  method. 


EXAMPLE. —  The  shape  of  the  quarter  section  of  a  hollow  pillar  is  given  by  the 
following  table.  The  axes  of  x  and  y  are  the  shortest  and  longest  diameters.  The  other 
three  quarter  sections  are  equal  and  symmetrically  placed  to  the  one  shown.  Find  the 
moment  of  inertia  of  the  section  abintt  the  axes  of  x  and  y. 


x  ins.      .         . 

0 

i 

«*5 

2'0 

2'2 

2-3 

3-0 

3'2 

3'3 

Outside_y,  ins. 

6 

576 
4-47 

5  '44 

4'99 

475 

4-64 

3'° 

2'O 

o 

Inside  yt  ins.  . 

5 

3-86 

2'8o 

I-QO 

O 

— 

— 

— 

Plotting  these  values  we  get  the  form  of  the  quarter  section  ABCO. 

n-3 

The  moment  of  inertia  about  Oy  is  /     yx^Jx,  where  y  is  the  height  of  a  strip  of 

the  area  parallel  to  Oy,  i.e.  y  =  yt  —  }',. 

Accordingly  we  measure  a  number  of  values  of  y  sA  suitable  intervals,  multiply 
each  by  the  corresponding  value  of  xxl  and  plot  the  curve  so  obtained, 

2    fl 
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3-0 

3'i 

3-2 

3'3 
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I 

IT 

J'29 

i'S9 

2-17 

2  '42 

3-85 

4-64 

4'33 

3-65 

3*o 

2'6o 

2X5 

O 

y** 

0 

0-275 

I-29 

3-89 

8-68 

1062 

18-63 

4 
24'S 

27-07 

28-6 

27 

24-95 

20-48 

0 

Plotting  the  calculated  values  of  yx*  as  ordinates,  and  the  values  of  x  as  abscissae, 
we  get  the  curve  OFD. 

Then  moment  of  inertia  of  quarter  section  about  Oy 


=  /     yx*dx  =  area  OFD 

Jo 
-  35'45 

and  the  moment  of  inertia  of  the  whole  section  about  Oy  is  4  X  35'45  =  141*8. 
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To  find  the  moment  of  inertia  about  the  axis  of  x,  we  require  to  find  the  value  of 
xy*dy,  where  x  denotes  the  width  of  the  area  A  BCD  measured  parallel  to  Ox. 

Calculating  the  values  of  xy*  and  plotting,  we  get  the  curve  AHO. 
Then  moment  of  inertia  of  quarter  section  about 

Ox  ='l   xy*dy  =  area  AHO  =  937 
and  the  moment  of  inertia  of  the  whole  section  about  Ox  is  4  X  937  -  374'8. 


EXAMPLES.— CXV. 

1.  The  section  of  a  solid  pillar  is  a  regular  hexagon,  whose  sides  measure  6  ins. 
Find  the  moment  of  inertia  of  this  section  about  a  diameter  by  the  graphic  method, 
and  verify  your  result  by  integration. 

2.  The  quarter  section  of  a  solid  beam  is  given  by  the  following  ordinates  and 
abscissae.     The  axes  of  x  and  y  are  the  shortest  and  longest  diameters  of  the  section 
which  is  symmetrical  with  respect  to  these  axes.     Find  the  moment  of  inertia  of  the 
whole  section  about  Oy. 


X 

o 

i 

1-6 

2 

2'2 

2-6 

3 

3  '4 

4 

y 

7 

676 

6-4 

6 

5-8 

5-27 

4-6 

3'6 

0 

CHAPTER   XXVII 
PARTIAL   DIFFERENTIATION 

217.  Function  of  Two  or  more  Variables. — We  have  already  met  with 
many  instances  in  which  there  were  two  variable  quantities  connected  in 
such  a  way  that  if  the  value  of  one  was  fixed  the  value  of  the  other  was 
determined.  In  such  a  case  the  second  variable  was  called  a  function  of  the 
first. 

It  is  also  possible  for  a  variable  to  be  a  function  of  two  or  more  other 
variables. 

Suppose,  for  instance,  that  a  point  P  can  move  about  on  a  fixed  surface 
such  as  that  of  a  sphere  (Fig.  196).  Let  its  position  be  denoted  by  its 
rectangular  co-ordinates  (x,  yt  z)  with  respect  to  fixed  rectangular  axes 
through  the  centre  of  the  sphere. 

Then  the  co-ordinate  z  is  a  function  of  the  two  co-ordinates  x  and/. 

For,  if/  alone  is  known,  the  point  P  may  lie  anywhere  on  a  line  such  as 
AB,  and  the  value  of  z  is  not  determined. 

Similarly,  if  x  alone  is  known,  the  point  may  be  anywhere  on  a  line  such 
as  CD,  and  the  value  of  z  is  not  determined. 

If  both  x  and/  are  known,  P  can  only  lie  where  two  definite  lines  such 
as  AB  and  CB  intersect,  and  the  value  of  z  is  determined. 

We  express  this  by  saying  that  z  is  a  function  of  both  x  and  /,  or 

*=A*,y)> 

An  equation  of  the  form  z  =/(*•,/)  can  evidently  be  represented  by  a 
surface  in  the  same  way  as  equations  of  the  form/  —f(x)  are  represented  by 
curves  in  plane  geometry.  As  another  example,  consider  the  case  of  a 
definite  quantity  of  a  gas  enclosed  in  a  vessel.  We  can  alter  its  state  by 
changing  its  pressure,  its  volume,  or  its  temperature.  It  is  found  that  if  any 
two  of  these  are  fixed,  the  third  is  determined,  e.g.  if  the  pressure  and 
temperature  of  a  certain  definite  quantity  of  a  gas  are  known,  its  volume  is 
determined,  or  v  is  a  function  of/  and  /. 

The  intrinsic  energy  E  of  a  definite  quantity  of  a  substance  is  determined 
when  its  pressure  and  volume,  or  its  volume  and  temperature,  or  its 
temperature  and  pressure  are  known,  i.e.  E  is  a  function  of  p  and  v,  or  of 
v  and  /,  or  of  /  and  p. 

Similarly,  the  potential  V  at  any  point  P  in  a  field  of  force  is  only 
determined  when  we  know  the  three  co-ordinates  (A-,/,  z)  of  P,  or 


218.  Partial  Differential  Co-efficients. — Let  x=f(x,y);  then,  if  we 
suppose/  to  remain  constant  while  x  changes,  z  will  in  general  change  in  a 
definite  way. 

The  rate  of  increase  of  z  with  respect  to  x  while  /  remains  constant 
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is  called  the  partial  differential  coefficient  of  z  with  respect  to  .r,  and  is 

dz       (d*\ 

written  -  -  or  (  -,-  I 
dx      \ctxj, 

Similarly,  =-  or  ( -r-  j   denotes  the  rate  of  increase  of  z  with  respect  to 

y  while  x  is  constant. 

The  suffix  denoting  the'  variable,  which  is  supposed  to  remain  constant, 
is  usually  omitted  unless  there  is  some  special  reason  for  inserting  it  to 
prevent  misconception  ;  the  brackets  are  also  often  omitted  when  it  is 
obvious  that  the  differentiation  is  partial. 

In  the  same  way,  if  u  is  a  function  of  three  variables  x,y,  and  z,  -=-  or 

dx 

(  —  )     denotes  the  rate  of  increase  of  u  with  respect  to  x,  while  y  and  z  are 
supposed  to  remain  constant. 

To  find  3-  when  z  is  given  as  a  function  of  x  and  y  by  means  of  an 
equation,  we  differentiate  z  with  respect  to  x  alone,  treating^  as  a  constant. 

EXAMPLE  (i).— Let  z  =  x*  —  2xy  +  y*. 


fc 

j    }  =  —  2x  +  zy 

<dyjx 

EXAMPLE  (2). — Let  y  =  sin  (ct  —  x)  where  c  is  a  constant. 

Then  I  -£•  }  =  —  cos  (ct  —  x) 
\dxJt 

d).-«-*'-i 

EXAMPLE  (3).—  Let  z  =  x*  —  $x*y  +  xy*  4-  sin  (x  —  zy)  4-  3  cos  (2x  —  y)  4-  e3**. 

( '  2  j  =  4*3  —  Sxy  4-y  +  cos  (x  —  2y)  —  6  sin  (2x  —  y)  4-  2y£** 

fik\ 

1  =  —  ^x1  4-  ycy*  —  2  cos  (x  —  2y)  4-  3  sin  (2x  —y)  +  2xtt*g 

\dy  J 


219.  Geometrical  Illustration. — Let  the  three  co-ordinates  (x,y,  z)  of 
a  point  P  be  connected  by  the  equation  z  =f(x,y). 

Then,  if  we  take  a  number  of  pairs  of  values  of  x  and_y,  and  calculate  the 
corresponding  values  of  z  by  means  of  the  above  equation,  we  shall  find  in 
general  that  the  points  whose  three  co-ordinates  are  thus  found  lie  on  a 
surface,  z  =f(x,y)  is  known  as  the  equation  to  this  surface. 

If  we  suppose  the  point  P  to  move  along  the  surface  so  as  to  keep  the 
value  of  y  constant,  it  will  move  along  a  section  AB  of  the  surface  by  a  plane 

parallel  to  zx.    5-   is  then  equal  to  the  slope  of  the  curve  AB  to  the  plane 

(Xry,  or  the  tangent  of  the  angle  which  the  tangent  PM  to  the  curve  AB 
makes  with  a  line  parallel  to  the  axis  of  x. 
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In  the  figure 


a-  =  tangent  of  angle  between  QM  and  PM 
=  -  tan  PMQ 


FIG.  196. 


Similarly,  if  we  suppose  x  to  remain  constant,  P  is  restricted  to  a  curve 
h  as  CD,  and 
In  the  figure 


3z 
such  as  CD,  and  =-  is  equal  to  the  slope  of  the  curve  CD  to  the  plane  Qxy. 


By 


=  -  tan  PNR 


EXAMPLES.—  CXVI. 

Find  the  values  of  the  following  :  — 

n  j^ 

1.   K-  (ax*ym},  -»-  (axnym),  where  a  is  a  constant. 

*\  n  ^  r* 

~  ^(ae^+w),  j?-  (a 


,  where  a,  £,  and  r  are  constants. 


3.        {a  sin  (A, 


<z  sin  (A* 


4.  Let  *  =  3**  -  2xy. 

and  ~     by  differentiation. 


,  ^-{0  cos  (A* +  #')}>  5-{acos(for 
ox  oy 


Then  take  x  =  10,  _y  =  12  ;  increase  .*  by  the  amount  8*  =  o'l,  y  remaining  con- 

stant and  equal  to  12,  and  calculate  the  resulting  increase  5z  in  «.     Thence  find  (  —  ) 

\Wf/ 
3a 
aiithmetically,  and  compare  with  the  value  of  =—  already  found. 

Similarly,  find  (  -  -  1  by  the  arithmetical  metho<],  and  compare. 
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5.  If  (r,  6)  are  the  polar  and  (x,  y)  the  rectangular  co-ordinates  of  the  same  point 
on  a  plane  prove  that 


dr 


6V 


nvx         (rntct       \  (dy\          (dy 

6.  Ity  =  A  sin  —  cos  ^-j-  +  aj,  find  ^J(  and  ( 


A,  «,  /,  c,  a  are  constants. 

7.  If  the  pressure/,  volume  v,  and  absolute  temperature  T  of  a  gas  are  connected 
by  the  equation  pv  =  RT,  where  R  is  constant,  find  the  values  of 

(dp\  .    (d_P\  .    (^L\  ;    (^L\ 
\dv)i'    \T/»'    W//    \dv  )» 

Note  the  physical  meaning  of  the  sign  of  each  of  these  quantities. 


8. 


220.  Small  Variations. — Let  2-  be  a  function  of  x  and  ^,  and  let  x,  y, 
and  z  be  represented  by  the  co-ordinates  of  a  point  P. 

Suppose  P  to  move  into  a  new  position  Q  close  to  its  former  position  on 
the  surface  representing  the  function  z. 

Then  we  may  suppose  P  to  reach  Q  by  first  moving  to  P!  on  the  surface 
so  that  x  alone  increases  by  a  small  amount  Sjr,  while  y  remains  constant, 
and  then  moving  from  Pj  to  Q  so  that  x  remains  constant  while  y  increases 
by  a  small  amount  S_y. 

In  the  figure  PM  =  5*,  PXN  =  Sy. 


-y 


FIG.  197. 


During  the  first  movement  from  P  to  P1}  z  increases  by  the  amount  MP, 
in  the  figure,  while  x  increases  by  the  amount  PM  =  Sjc.     Thus 

PXM  =  tx  x  tan  MP?! 

=  Sjr  x  (mean  value  of  --  on  the  surface  between  P  and  P,) 


37  &  Practical  Mathematics 

Similarly,  during  the  second  part  of  the  movement  the  change  in  a 
is  NQ.  And 

NQ  =  5y  x  tan  NPjQ 

f\2 

=  Sy  x  (mean  value  of  |-  on  the  surface  between  Px  and  Q) 

The  whole  change  Sz  in  z  during  the  movement  from  P  to  Q  is  made  up 
of  the  two  parts  MPt  and  NQ  MP,  is  the  change  in  z,  which  would  take 
place  if  x  alone  changed  by  the  same  amount  as  it  actually  does  while  y 
remained  constant,  and  NQ  is  the  change  in  z  which  would  take  place  if  y 
alone  changed  and  x  remained  constant. 

As  8-r,  $y,  8.?  are  made  smaller  and  smaller  the  points  P,  P,,  Q  move 

nearer  together,  and  the  mean  values  of  ^-  and  ^-  become  more  and  more 

ox         oy 

nearly  equal  to  the  exact  values  at  P. 
Thus,  if  8.r,  8y,  82  are  sufficiently  small 

Sz  =  MP,  +  NQ 


, 

^-  -a  Sy 

dx         6)7 

EXAMPLE  (1).  —  The  side  a  of  a  triangle  is  calculated  from  the  following  observed 
values  :  — 

A  =  27°,  B  =  54°,  b  =  235  ft. 

If  the  correct  values  are  A  =  26-5°,  B  =  S4'9°,  what  is  the  error  in  the  calculated  value 
of  a  due  to  the  errors  in  (he  observed  values  o/A  and  B  / 

We  have 

,  sin  A 


If  there  arc  small  errors  SA,  SB,  in  the  values  of  A  and  B,  the  consequent  error 
in  a  is 


We  have 


8A  =  0-5°  =  0-00873  radian 

SB  =  —  o'9°  =  —  0-01571  radian 


(da  \        b  cos  A       235  cos  27° 
d&)B~    sin  B    ~       sin  54° 


da\  b  sin  A  cos  B  _       235  sin  27°  cos  54°  _  _       „ 

'          sin8  B  sin*  546~" 

/.  The  error  in  the  value  of  a  =  Sa  =  259  x  0-00873  +  95'8  X  0-01571  =  3-8  ft. 

EXAMPLE  (2). — A  certain  quantity  of  air  at  pressure  2000  Ibs.  per  square  foot  and 
temperature  10°  C.  occupies  12  cubic  feet.  What  change  in  volume  will  be  produced  if 
the  pressure  is  increased  by  2  Ibs.  per  square  foot  and  the  temperature  by  1°  C.I  It  is 
given  that  pv  =  RT>  where  p  is  the  pressure ,  v  the  volume,  atid  T  the  absolute  temperature 
of  the  air  and  R  is  a  constant. 
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By  substituting  the  given  values,  we  find  R  =  84*5. 
\Ve  have 


_  RT 

-      dz>  RT 

•*•  ^b  =  ~~  ~&  =  ~  °'°o6 

with  the  given  values  of/,  v,  and  T. 

d*>       R 
^=-=0-0425 

8/  =  2,  8T  =  I 

.*.  Substituting,  the  increase  in  volume  =  6v  =  —  o'oi2  -f  0^042 

=  o'O3  cub.  ft. 

EXAMPLES.—  CXVII. 

1.  A  certain  quantity  of  air  occupies  10  cub.  ft.  at  pressure  2116  Ibs.  per  square 
foot,  and  absolute  temperature  250°  C.     Find  the  change  in  pressure  when  the  volume 
is  diminished  by  o'l  cub.  ft.,  and  the  temperaiure  increased  by  2°. 

2.  With  the  same  data  as  in  example  I,  find  the  change  in  temperature  when 
the  volume  is  diminished  by  02  cub.  ft.,  and  the  pressure  increased  by  5  Ibs.  per 
square  foot. 

3.  NVith  the  same  data,  find  the  change  in  volume  when  the  temperature  increases 
by  2°,  and  the  pressure  by  2  Ibs.  per  square  foot. 

4.  (r,  6,  <(>)  are  the  polar,  and  (x,  y,  z)  the  rectangular  co-ordinates  of  the  same 
point  P.     What  change  is  produced  in  x  by  given  changes  SO  in  6  and  5<f>  in  <p  ? 


221.  Successive  Partial  Differentiation.  —  Let  z  be  a  function  of  x 
and  y.     Then  we  have  seen  that  •=-   denotes  the  result  of  differentiating  z 

with  respect  to  xy  y  being  treated  as  a  constant.     The  result  of  this  operation 
is,  in  general,  itself  a  function  of  x  and  y. 

If  it  is  differentiated  again  with  respect  to  x,  y  being  still  treated  as  a 

,  .    .     d/dz\      ,  .  .   .        .         d*z 

constant,  the  result  is  -»-  1  =-  ),  which  is  wntten  ^—  „  or 

* 


If  ^-  is  differentiated  with  respect  loy,  x  being  treated  as  a  constant,  the 

u-     d(B*\ 
result  is  -r-f  TT  ).  which  is  written 


-     d(B*\ 
is  -r-f  TT  ). 

dy\dxj 


-c-^-         -r—  r 
oyox       \dydx 

Similarly,  ..   ,    denotes  the  result  of  first  differentiating  z  with  respect 

to  y,  treating  x  as  a  constant,  and  then  differentiating  the  result  with  respect 
to  4-,  treating^  as  a  constant. 

a~2  denotes   the  result  of   differentiating  z  twice   in   succession  with 

respect  to.y,  treating  x  as  a  constant. 

In  the  same  way,  we  may  proceed  to  partial  differential  coefficients  of  a 
higher  order. 
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EXAMPLE  (i).  — 


=  ^x3  -  6xy  + 


fiz 
— 


Note  that 


or,  the  order  in  which  we  differentiate  with  respect  to  x  and  y  does  not  affect  the 
result.  We  shall  find  that  this  is  the  case  for  all  the  functions  with  which  we  deal  in 
this  book. 

EXAMPLE  (2).  —  If  V  is  the  potential  at  any  point  (x,  y,  z)  in  a  field  of  force,  then  it 
can  be  shown  from  the  definition  of  potential  that  the  component  X  parallel  to  the  axis  of 
x  of  the  force  at  any  point  in  the  field  is  equal  to  the  rate  of  decrease  of  the  potential  per 
unit  increase  of  x  at  that  point. 

»*--(£) 


where  Y  and  Z  are  the  components  of  the  force  parallel  to  Oy  and  Oz. 

Show  that  if  the  potential  at  any  point  varies  inversely  as  its  distance  from  O,  then 
the  resultant  force  at  any  point  varies  inversely  as  the  square  of  its  distance  from  O. 

Let  F  be  the  resultant  force  at  a  point  P  (x,  y,  «),  and  X,  Y,  Z  its  components 
parallel  to  CXr,  Oy,  Oz  respectively. 
Then  F"  =  X"  +  Y2  +  Z2. 
Also  we  have 


We  have 


where  c  is  constant. 

Then  X  =  -  {  -j-  )  = — 


c* 


Partial  Differentiation  379 

.".  squaring  and  adding, 

_  C*(x*+*  +  z*)  C*  C 

" 


•••*-% 

or  the  force  varies  inversely  as  the  square  of  the  distance  from  O. 


EXAMPLES.—  CXVIII. 

1.  If  z  —  jc*  —  $x*y-  —  yPy  +  .y4,  find  the  values  of 


- 

By*  dx2'  a/2'  d*dy   tod* 


and  verify  that  the  last  two  are  equal. 
2.  If  z  =  3  sin  (2x  +  3y)  —  2e**t  fi 


&  dy   d*2'  dy*  d*dy   tod* 

8.   Verify  that  5-5-  =  5—3-  in  the  following  cases  :  — 


g  =  axym,  s  =  at1"*,  s  = 

g  —  a  sin  (bx  +  cy),  z  =  a  cos  (far 

s  =  a,?*-1*  sin  (ex  +  dy} 

4.  If  the  potential  V  at  a  point  P  (x,  y,  z)  varies  inversely  as  the  distance  of  P 
from  the  origin  O,  show  that  V  satisfies  the  equation 

a^v    CPV  ,  32v_ 
a*2  +  ay    a*2  ~ 

6.  _y  is  the  displacement  at  time  /  of  a  point  on  a  vibrating  stretched  string  at 
distance  x  from   one  end.      It  is  known   that  (  —  4  )  =  A  -£  ]  .     Show  that  this 

ycr/j     \Xr/i 

equation  is  satisfied  if 

^  =  A  sin  ^?  sin  (//  +  a) 

where  A,  /,  c  ,  a  are  constants. 


CHAPTER    XXVIII 
MISCELLANEOUS  METHODS  OF  INTEGRATION 

222.  WE  shall  here  give  examples  of  some  methods  of  integration  somewhat 
more  difficult  than  those^  treated  in  Chapter  XVI. 

EXAMPLE  (i). —  (sin*  xdx. 

We  have 

fsin*  xdx  =  fj(i  —  cos  2x)dx 

x 

= 1  sin  2x 

EXAMPLE  (2). — Jtan*  xdx  =  J"(sec*  x—  i)  dx  —  tan  x  —  jc. 


EXAMPLE  (3).— 
We  have 


a  = 

'.  (ePdx  = 
•  *  J 


r—-— 

log,  ti 


log.  a 


EXAMPLE  (4).—  J^»- 

We  have 

__J  __  J.  f  _  '   .  _      ' 

^r*  —  a*       za  \x  —  a      x 


+  a) 


f     dx       _   l_   (  f    dx     _  f    dx   \ 
•'•I  x*  —  a*  ~  2a\J  x  —  a     J  x  +  a) 

-  ;r  (log.  (x-a)-  log,  (JT  4-  a)} 


t  ,       x  —  a 


2a     b  x  +  a 
Similarly 


/dx  jr.      x  +  a  —  b 

(x  +  a)*  -P-  2*     S'x  +  a+i>  • 


.         dx 
EXAMPLE  (5).—  [ 


3  § 


We  have 
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s^x^  +  ix  +  $-$-$ 
=  (X  +  f  )*  -  2£ 


2 


«*  +  3*  -  5    V29  log* 


by  examPle 


EXAMPLE  (6). — 


Let  x  =  a  tan  y. 

Differentiating  with  respect  to  y,  we  have 

dx 

•j-  =  a  sec  y  =  a(i  +  tan 

•**       dy       i 
Now   ^-  =  -r 
dx      dx 

i) 


"('+? 


and  I    0,2  =  -  I  -T-  dx  =  -  by  the  definition  of  an  indefinite  integral 
jx  +  a       a]  ax  a 


Similarly 

EXAMPLE  (7). — 
We  have 


=  -  tan-1  — 
a  a 


t— 

J  (x  + 


dx  I          ,  9  +  a 

*,  ,  &  =  r  tan"1  — T— 
a)   +00  o 


**  +  3*  +  5  =  (**  +  3^  +  |)  +_5  -  J 

=  (j:  +  |)*  +  ^  -j?  J  by  example  (6) 


V" 


EXAMPLES.— CXIX. 
Evaluate  the  following  integrals  : — 

1.  Jcos*  xdx.  2.    I   10* Jx. 

dx 


! 


2X*  +6X-  10 

dx 


6. 


f-r-lL 
}*-*• 


2X  +  S' 

8.    /  '-^  ^xdx. 


3. 

e. 

9. 


dx 


dx 
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223.  Integration    by    Substitution. — Consider    a   function    such    as 
y  =  (log.  *)*. 

Let  log*  x  =  u,  then  we  may  also  write  y  —  #2. 

Thus  we  may  regard^  as  a  function  either  of  x  or  of  u. 

Let  u  increase  by  the  amount  $u  while  x  increases  by  bx. 

Su 

Then  5«  =  —  .  »*• 
fcr 

/d 
ydu  =  limit  of  sum  of  terms  ytu 
j 


where  //  changes  from  c  to  rf,  while  x  changes  from  a  to  b. 

If  we  regard  the  upper  limit  as  variable  it  follows  that  the  indefinite 
integral 

jydu  =  jy-rdx      ...,....(§  135) 

In  the  case  considered  above,  this  result  gives 
/"(log,  *•)*  , 
J       '        *~ 


.     .  dx  = 


We  have  here  shown  that  in  an  indefinite  integral  du  may  be  substituted 
for  -j-dkrwhen  it  occurs  in  the  integral^  just  as  if  du  and  dx  were  separate 

du 
quantities  and  -y-  were  a  fraction.     It  must  be  remembered,  however,  that 

no  meaning  has  been  given  to  du  and  dx  standing  alone,  and  when  we  use 
them  as  if  they  were  separate  terms  it  is  understood  that  they  occur  in  the 
expression  of  an  integral. 

EXAMPLE  (i).  —  Integrate  ffi'n  x  cos*  x  dx. 

Let  u  =  cos  x. 

Then  du  may  be  written  for  -p-^-*>  /•'•  f°r  —sin  x  dx. 


.    r  .  ,  ,  u 

/.  fsm  x  cos*  x  dx  =  —  \u*du  =  --  = 
•  J  4 


cos4 


EXAMPLE  (^.—  To  find  (  ^  ^  3+  dx. 

Let  u  =  x*  +  3*  +  4. 

Then  du  —  -^dx  =  (zx  +  3)</r. 
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EXAMPLE  (3)  —  By  an  extension  of  the  method  of  Example  (2)  we  may  integrate  any 

.        .        ,.,    ,  ax  +  b 

expression  of  the  form  ~t~r 


E.g.  to  find 


-dx. 


Let  u  =  x3  +  3*  +  7. 


du 


Arrange  the  numerator  in  the  form  —  +  c ,  where  c  is  a  constant,  dividing  out  by 

whatever  coefficient  is  necessary. 
In  this  case  we  write  the  integral. 

2(2*  +  3)  -  i^ 
•2  +  3*  +  7 


f  3*  +  7 

The  first  of  these  integrals  falls  into  the  class  treated  in  Example  (2)  above,  and  the 
second  is  of  the  type  treated  in  Example  (7),  p.  382,  and  we  find  that  the  required 
integral 

2  2x  +  3 

=  2  log.  (x'  +  3*  +  7)  -  — ==  tan-1  -^==- 


EXAMPLE  (4). — Find  the  position  of  the  centre  of  gravity  of  the  area  of  a  semicircle 
of  radius  a. 

Take  axes  of  co-ordinates  as  shown  in  the  figure,  and 
divide  the  area  into  thin  strips  parallel  to  the  axis  of  y. 
Then  the  mass  of  an  element  =  2y$x. 

We  have  x2  +  y*  =  a9. 


f«  («      

/    xydx  I    x\fa*  —  x*dx 

-Jo  J_o 

f"  ~^~ 

\   ydx 

Jo 


-a' 
4 


To  find  this  integral  let  a*  —  xn-  -  n. 

Then  du  —  —  dx  =•  —  zx  dx. 

dx 


FIG.  198. 


the  limits  being  chosen  as  shown,  because  u  =  a"  when  x  =  o,  and  //  =  o  when  x  =  a. 

EXAMPLE  M.—Find  I   .  --_— . 
J  /v/«2  -  x1 


Let  x  =  a  sin  0. 


dx 
Then  dx  =  -.--  dQ  —  a  cos 


rt2    _   y2  =  a  COS 

dx  fa  cos  0  JO 
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-FM\^ 


EXAMPLE  (6)  '* 


Let  *x*±a-  =  u-x. 
Then        ±  a*  =  t?  -  2iix. 
Differentiating  with  respect  to  «— 

dx 

O  =  211  —  2X  —  2U  ~. 
du 

dx  _n  —  x 
"  du~      u 

and  f      dx 


2  =      —  "  =  I-^  =  ]°S"  =  log  ( 
J  u  —  x      J 


Any  integral  of  the  type  /    ,  may  be  reduced  to  the  form  of  examples 

J  \  ax2  +  bx  +  c 

5  or  6,  according  as  a  is  negative  or  positive  by  the  method  used  in  examples  4  and 
5,  §  222. 

Otherwise,  we  have  (Ex.  LXVIII.  a,  10). 


=  -  ± 


EXAMPLE  (7) 


f  <& 
.—  Find  l^— 


We  have  sin  x  —  2  sin  \x  cos  \x. 

(dx_  =  ,   [         c'x 
' '  J  sin  x  ~    J  sin  %x  cos  \x 

sec*  \xdx 


tan  \ 

dividing  numerator  and  denominator  by  cos*  \x. 
Let  tan  \x  =  u. 

du 

Then  du  =  -rdx  =  \  sec* 
dx 


•    \  -. =  |  —  =  log  u  =  log;  tan  Jjr. 

•  •  /  sin  x     J  u 


No  general  rule  can  be  given  to  find  the  proper  substitutions  and  changes  of 
variable  to  use  in  applying  the  method  of  this  paragraph  ;  it  is  largely  a  matter  of 
practice. 

A  few  examples  for  practice  are  given  below,  but  the  student  who  wishes  to 
pursue  the  subject  further  should  consult  works  on  the  integral  calculus. 

EXAMPLES.— CXX. 
Find  the  following  integrals  : — 


1.    ftan  x  dx  (take  u  —  cos  x).        2.  Jcot  x  dx.  3.    I  — 


r  +  5 

2    C 
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7.    /!!H£-<&.  8.    rcosxsin'xttx.  9.    ^  xdx. 

Jcos'x  J  Jcos2* 


[" 
I 
J  o 


—  x*dx  (take  x  =  a  sin  «,  as  in  Example  (4)  above.) 
o 

11.  Verify  by  integration  that  the  area  of  a  circle  of  radius  a  is  equal  to  ir#*. 
NOTE. — This  is  not  really  a  proof  since  the  result  is  implicitly  assumed  in  the 

value  of  v,  which  is  taken  as  a  limit  of  integration, 

Evaluate 

12.  f  i  +  4*Xr.  13-    I*-,6*"*     dx. 


14. 


16.    I   '**-*•  *</*.  17.    [   co*xfix 

\/2  -  *2  J  1  +  2  sin"  x 


[      dx  15.    (    2xtfx    .. 

J   V  5  —  2X2  J   V  5  —  2X* 


l\o^xdx.  19.    f 


20.  Find  by  integration  the  area  of  the  portion  of  a  circle  of  radius  5  inches 
which  lies  between  two  parallel  chords,  distant  3  inches  and  4  inches  from  the  centre, 
and  on  opposite  sides  of  the  centre. 

21.  Prove  that  the  centre  of  gravity  of  the  zone  of  the  surface  of  a  sphere  is  at 
the  middle  point  of  its  axis. 


Evaluate 
22. 


I   .      dx          .  23.    f          * 

J   <S/#*  -  2X  -  8  J   \/5  -  2X  - 


224.  Integration  by  Partial  Fractions. — In  Chapter  VI.  we  showed 
how  to  resolve  into  partial  fractions  a  fraction  of  the  form   ,„     2          ^ — , 

where  the  denominator  is  of  higher  degree  than  the  numerator. 

The  partial  fractions  can  be  integrated  separately  by  one  or  other  of  the 
methods  already  given. 

f        2X  —  C 

EXAMPLE  (i).— To  find  I     2     — ^—  dx. 
Resolving  into  partial  fractions  we  get 

9  (Example  (i),  p.  76.) 


2X*  +  3X-2        5(.*r+2)         5(2*  -I) 

.    [      2*-5 , .    _  ,  [    J*    _  .  [      dx 

"j2X2  +  3X-2  'l)x  +  2        Sj2X-l 

=  I  log  (x  +  2)  ~  I  '°g  (2X  -   I) 

EXAMPLE  (2). — 

<*x  [    dx         ,    f    dx  [    dx    . 

i-i)(*  +  2)(*-5) =  -  AJ  ^T  +^J  m+Aj  ^r-5(Ex-  (2)'P- 

S  (*  +2)  +  5V  lo§  <*  ~  5) 
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EXAMPLE  (3).— 

dx  f   dx         ,    f      dx  ,    f   dx 


-5 
(Example  (3),  p.  76.) 

2)  +  TiS  Io8  (*  ~  5) 

i_^.v  •/ 

EXAMPLE  (4). — 

J__^ij|_T)  =  *e  /  J^-6  -  A/^±rfi          (E-mple  (4),  p.  77.) 

<£r 


CN          OQ  1         /    I    i  41  2    2.T  +   I 

—  o)  —  g*  log  (x*  +  x  +  i ) -1— =  tan  ~    — 7= — 

43^3  *3 


EXAMPLES.— CX  XI. 
Find  the  following  integrals : — 

1       I     ^  x  •.     Verify  by  the  graphic  method. 
./»*   -4 

2f         2dx                                                   o       /      3*  +  8      r 
I    .  .  o — .  o.      l-Ti r-3»*. 

_/ar  +  o^f+i5  J  *  +  Jx  +  o 

f              5*  +  7             7                            K.       (  AX  -\-  2T, 

4.     / = — • — «JT.  o.     | 


•6.  3* 


, 


*5.  //_  .\/.o,       ^..i        .\^'"*-  V.  I   / —2      I       —     I       ~W—  «\ 

/    * 


(2*-  !)(*"  + 3* +  4) 

225.     Integration  by  Parts. — It  has  been  shown  that,  if  u  and  v  are  two 
functions  of  x% 

d  .     .         </r/        du 
2r*  <fr       aJr 

The  same  theorem  may  be  otherwise  stated  in  the  form 

t  dv  f  du 

=  fudv  +  fvdu 
orfudv  =  uv  —  fvdu (i) 

Any  function  of  x  which  can  be  directly  integrated  may  be  taken  as  -j-j 

v  being  its  integral,  and  thus  we  get  a  method  which  sometimes  enables  us 
to  integrate  the  product  of  two  functions,  one  of  which  can  be  immediately 
integrated.  We  integrate  this  function  as  though  the  other  were  constant, 
and  subtract  the  integral  of  the  product  of  the  integral  already  found  and 
the  differential  coefficient  of  the  other  function. 
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EXAMPLE  (  i  )  .  —Find  thi  value  of  fx  sin  x  dx. 
Take  u  =  x  and  v  =  —  cos  x. 

Then  dv  =  -r-  dx  =  sin  xdx,  and  du  =  dx 
.'.  Substituting  in  (i),  we  get 

fx  sin  x  dx  =  —  x  cos  x—f(—  cos  x)dx 
=  —  x  cos  x  +  sin  x 

dv 
It  5s  often  useful  to  take  ^  =  i,  and  consequently  v  =  x,  as  in   the   following 

example  :  — 

EXAMPLE  (2).  —  Find  floge  xdx. 

/log,  x  dx  =  /(log«,  x)  X  i  .  dx 
Take  u  =  log  x,  v  =  x 

Then  afo  =  <£r.  du  =  -dx 
x 

.'.  Substituting  in  (i), 

/(log  x)i  .  dx  —  x  log  x  —  fx  .  -dx  =  xlogx  —  x 

EXAMPLE  ($).—Find  the  values  off<**t  sin  (ex  +  d)dx,  andfe1*  cos  (ex  +  d)dx. 
In  febx  sin  (ex  +  d)dx,  let  «  =  sin  (ex  +  </)  and  v  =  -re**. 
Then  rf»  =  e^dx,  and  dw  =  c  cos  (r.*  +  </)</.*. 
.*.  Substituting  in  (i), 

/^  sin  (ex  +  </)aic  =  -^  sin  (ex  +  d)  -  ^  \<*x  cos  (^  +  d)dx 
Similarly,  we  get 

febx  cos  (ex  +  ^)  =  ^  cos  («:  +  </)  +  1  /  1  »*  sin 

We  have  here  two  simultaneous  equations  to  find  the  values  of  the  integrals, 
febx  sin  (ex  +  d)dx,  and  febx  cos  (ex  +  d]dx 

Solving  we  get 


cos  (ex  +  d)dx  =  " 


226.  It  is  sometimes  possible  to  reduce  an  integral  to  a  form  which  we 
can  integrate  by  applying  the  process  of  integration  by  parts  several  times 
in  succession. 

EXAMPLE.  —  To  find  fx*<*dx. 

Let  u  =  x\  v  =  e*.     Then  dv  =  e*dx,  du  = 
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The  integral  fexx3dx  may  now  be  reduced  in  the  same  way. 
4fx*c*djc  =  4-rV  -  I  zfx-e'itx 


\2x-e*  —  2i[Xex  +  24* 

EXAMPLES.—  C  XXII. 

Find  the  values  of  the  following  integrals  :  — 

1.  jx  cos  x  dx.  2.  fx<r*dx.  3.  fx  log  x  dx. 

4.  Find  the  mean  value  of  log,,  x  from  x  =  i  to  x  =  10. 

5.  fx4  log.x</x.  6.  fx-c'dx. 

7.  Find  the  mean  value  of  e~    .sin  qt  from  t  =  o  to  t  =  —  . 

q 

8.  Find  the  abscissa  of  the  centre  of  gravity  of  the  area  lying  between  the  curve 

V  =  sin  x  and  the  axis  of  x  from  x  =  o  to  x  =  -. 

*  2 


Jjsi, 


9.  fc2*  cos  $x  efx.  10.       I  x  sin  4*  Jx. 


11.  By  means  of  a  curve  representing  u  as  a  function  of  v  prove  graphically  that 
ttv  —  fu  dv  +  fv  du. 


CHAPTER   XXIX 
SOME  DIFFERENTIAL  EQUATIONS  OF  APPLIED  PHYSICS 

dv   '    d^y 
227.  IN  Chapter  XVII.  we  met  with  problems  in  which  -4-  or  —  ^  was  given 

as  a  function  of  x,  either  by  means  of  a  curve  to  be  drawn  from  a  number  of 
tabulated  results  or  by  an  algebraical  equation. 

We  showed  how  to  find  the  corresponding  relation  between  y  and  x;  and 
to  represent  it  by  a  curve.  These  were  examples  of  the  solution  of  differential 
equations. 

Equations  involving  a  dependent  and  one  or  more  independent  variables 
and  their  differential  coefficients  are  called  Differential  Equations. 

The  solution  or  integration  of  a  differential  equation  consists  in  finding 
the  relation  between  y  and  x  which  it  implies. 

We  shall  treat  certain  forms  of  differential  equations  which  occur  in 
applied  physics. 

228.  I.  Compound  Interest  Law.  —  There  is  a  large  class  of  cases  in 
nature  in  which  the  rate  of  increase  of  a  variable  is  proportional  to  the  variable 
itself.  Examples  of  some  of  these  have  been  given  in  Chapter  VII.,  §  66. 

dy 
This  law  may  be  expressed  by  an  equation  in  the  form  -4-  =  by,  where 

b  is  a  constant. 

dy 
Now  we  have  seen  that  when  y  =  aebz,  -4-  =  abe1*  =  by,  and  therefore 

y  =  ae**  is  a  relation  between  y  and  x,  which  always  satisfies  the  equation 

=  by. 
y 

Otherwise,  we  have 


=  by. 
dx       y 


-•  J~      ° 

y  dx 

In  integrating  we  may  separate  the  variables  (§  223). 


.*.  log..?  =  bx  +  C 
where  C  is  the  arbitrary  constant  of  integration. 

.*.  y  =  ae**  where  C  =  log,  a 

The  variables  y  and  x  are  said  to  follow  the  Compound  Interest  Law  for 
a  reason  which  will  be  evident  from  the  following  considerations  : — 
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When  a  sum  of  money  is  invested  at  compound  interest  payable  annually, 
the  interest  for  each  year  is  added  to  the  principal  at  the  end  of  that  year 
and  proceeds  to  bear  interest  for  the  following  year,  and  so  on. 

Thus  the  rate  at  which  the  interest  accrues  is  proportional  to  the  total 
amount  at  the  end  of  the  preceding  year. 

By  making  the  interest  payable  more  frequently  we  could  approximate 
more  closely  to  the  cases  of  the  Compound  Interest  Law  which  occur  in 
nature. 

Suppose  the  time  to  increase  by  a  succession  of  small  increments  5/,  and 
that  the  interest  is  added  to  the  principal  P  at  the  end  of  each  of  these 
intervals.  Then,  if  r  is  the  rate  per  cent,  per  annum,  the  interest  gained  in 

time  8/  is  —  P5/,  where  S/  is  expressed  as  a  fraction  of  a  year  and  P  is  the 

100 

total  amount  at  the  beginning  of  the  interval  8/.     This  is  now  added  to  the 
principal,  and  may  be  denoted  by  5P. 

/.  6P  =  —  P5/ 

IOO 

SP         r 
or  —  =  —  .  P 

5/        loo 

If  now  the  time  5/  is  continually  diminished  so  that  in  the  limit  we  may 

SP 
consider  the  interest  as  continuously  added  to  the  principal,  —  continually 

approaches  a  limiting  value,  which  is  the  value  of  -ji  for  the  case  where  the 
interest  is  added  on  continuously. 

•  *?  =  JLP 
dt       loo 

Comparing  this  with  the  equation  given  above  to  express  the  Compound 

f 

Interest  Law,  we  see  that  we  may  write  P  for  y^  t  for  JT,  --  for  £,  and  the 

IOO 

relation  between  P  and  /  is  therefore 

P  =  «i""" 

where  a  is  a  constant. 

To  find  a  put  /  =  o,  then  P  =  a  ;  i.e.  a  is  the  principal  originally  invested 
when  /  =  o.  Writing  P0  for  this,  we  get 

P  =  P**' 


229.  The  exponential  <f  is  defined  algebraically  as  the  limiting  value  of 

(I  +  -  |    when  »  is  infinite. 
*) 

The  student  sometimes  finds  difficulty  in  understanding  the  connection 
between  this  definition  of  e*  and  its  use  to  express  the  Compound  Interest 
Law,  which  is  more  important  in  physical  applications. 

It  is  easy  to  show  that,  if  compound  interest  is  payable  m  times  per 
annum,  the  amount  in  /  years  at  r  {.er  cent,  per  annum  is 


P  =  P/I  +  JL  Y 
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i  oom  nr 

Now  write  «  =  -    —  ;  then  w  =  - 
r  100 

and  P-P/I+IY"* 

If  we  continually  increase  the  value  of  m  until  the  interest  is  payable 
continuously,  m,  and  therefore  n  also,  approaches  the  value  infinity. 

rt  rt 

We  have  shown  above  that  in  this  case  P  =  P0<?™°,  and  therefore  f^*  is  the 
limiting  value  of  M  +  -  )  10°  when  n  is  infinite. 

rt 
If  we  write  —  =  x  we  get  the  algebraical  definition    that   f  is    the 

/  T  \  *** 

limiting  value  of  /  i  +  -  j    when  n  is  infinite. 

Thus   the   algebraical    definition    of  f  implies    also   its   capability   of 
expressing  the  Compound  Interest  Law. 


230.  The  following  are  examples  of  natural  phenomena  which  obey  the 
Compound  Interest  Law  : — 

(1)  The  case  of  a  belt  or  rope  passing  round  a  pulley.     It  can  be  shown 
that  at  any  point  on  the  belt  in  contact  with  the  pulley  the  rate  of  increase 
of  the  tension  in  passing  through  that  point  along  the  belt  from  the  slack  to 
the  taut  side  is  proportional  to  the  tension  at  that  point.     Thus  the  tension 
follows  the  Compound  Interest  Law.    The  results  of  an  experimental  proof 
of  this  are  given  on  p.  154. 

(2)  The  Compound  Interest  Law  is  also  extended  to  include  the  case 
where  the  rate  of  decrease  of  a  variable  is  proportional  to  that  variable 
itself. 

Newton's  Law  of  Cooling  is  an  instance  in  point.  The  rate  of  cooling  of  a 
body  is  under  certain  conditions  proportional  to  the  excess  of  its  temperature 
above  the  temperature  of  its  surroundings  ;  i.e.  the  rate  of  decrease  of  the 
temperature  6  per  unit  time  /  is  proportional  to  the  temperature,  or 

dft 

—  =  -ad 
at 

and  therefore  6  =  0<3f~al,  where  60  is  the  temperature  when  /  =  o  and  a  is  a 
constant.     For  experimental  results,  see  p.  108. 

(3)  If  the  two  sides  of  a   charged   electric    condenser   are  connected 
through  a  large  resistance,  the  discharge  takes  place  rapidly  at  first  and  then 
more  slowly,  the  rate  of  decrease  of  the  voltage  at  any  instant  being  pro- 
portional to  the  voltage  to  which  the  condenser  remains  charged  at  that 
instant.     Thus  the  Compound  Interest  Law  connects  the  voltage  and  the 
time. 

V  =  V0*-«"i' 

where  V  is  the  voltage  at  time  /,  V0  the  voltage  at  time  /  =  o,  K  the  capacity 
of  the  condenser,  and  R  the  resistance  in  the  circuit. 

The  student  may  be  familiar  with  the  method  of  testing  the  insulation 
resistance  of  a  cable,  which  depends  on  this  law. 

(4)  As  we  pass  upwards  from  the  earth's  surface  into  the  atmosphere,  the 
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density  and  pressure  of  the  atmosphere  at  any  height  diminish ;  the  rate  of 
decrease  of  the  pressure  per  unit  rise  in  height  is  proportional  to  the  density, 
and,  therefore,  if  the  temperature  is  constant,  to  the  pressure  at  that  height. 
Thus  the  pressure,  regarded  as  a  function  of  the  height,  follows  the 
Compound  Interest  Law. 


EXAMPLES.— C  XXIII. 

1.  Find  an  expression  for  y  in  terms  of  x,  if  it  is  given  that  •£-  =  3^,  and  y  —  5 

when  x  =  i. 

2.  What  is  the  equation  to  a  curve  whose  slope  is  everywhere  numerically  equal 
to  one-half  of  its  ordinate,  and  whose  ordinate  is  I  when  x  =  o  ? 

3.  A  point  starts  at  A  and  moves  along  a  straiijht  line  AB,  so  that  its  velocity  in 
feet  per  second  is  always  numerically  equal  to  its  distance  in  feet  from  B.     If  AB  is 
loo  ft.,  how  long  will  the  point  take  to  get  halfway  from  A  to  B  ? 

4.  Find  the  amount  of   ^100  in  3  years  at  4  per  cent,   per  annum  compound 
interest 

(1)  when  the  interest  is  payable  yearly 

(2)  ,,  ,,  ,,          half-yearly 

(3)  .1  ,,  .,          quarterly 

(4)  „  „  ,,          continuously 

6.  If  0  is  the  temperature  of  a  certain  body  at  time  /,  it  is  known  that  the  rate  of 
cooling  is  equal  to  O'oo60,  and  that  when  /  =  o  the  temperature  is  20°  C.     Find  an 
expression  for  0  in  terms  of  t. 

0.  A  rope  passes  round  a  drum.     T  is  the  tension  of  the  rope  at  a  distance  J, 
measured  along  the  rope  from  one  end  of  the  portion  of  the  rope  which  is  in  contact 

with  the  drum.     It  can  be  shown  that  -T-  =  — ,  where  r  is  the  radius  of  the  drum, 

as        r 

and  ft.  the  coefficient  of  friction.     Find  an  expression  for  T  in  terms  of  j  for  the  case 
when  n  =  O'5,  r  =  9",  and  T  =  25  Ibs.  where  J  =  o. 

7.  q  is  the  quantity  of  the  charge  at  time  /  in  a  condenser  of  capacity  K,  dis- 
charging through  a  resistance  R.     It  can  be  proved  that  -j-  -f.  -/-  =  o.      Find  an  ex- 

dt        Ivls. 

pression  for  q  in  terms  of  t.     Taking  the  initial  charge  when  /  =  o  as  O'ooo5,  plot 
a  curve  to  show  the  value   of  q  for  any  value   of  /  from  o  to  0*03  sees.,  given 

R  =  5000  X  10*,  K  =  3  X  lo~u.      In  what  time  is  the  charge  reduced  to  —  of  its 

original  value  ? 

8.  If  i  is  the  current  at  time  /  in  a  circuit  of  resistance  R,  and  coefficient  of 
self-induction   L,  and   the   impressed   electro-motive  force  has  been  removed,  then 

L—  -f  R*  =  o.     Find  i  in  terms  of  /,  taking  R  and  L  as  constants. 
at 

If  R  =  O'5  ohm,  L  =  ox>5  henry,  and  *  =  15  amps  when  /  =  o,  plot  a  curve  to 
show  the  value  of  the  current  at  any  time  from  /  =  o  to  /  =  o'2  sees. 

231.  The  following  is  an  extension  of  the  Compound  Interest  Law  : — 

Let  ^  +  ay  -  b 
ar 

where  a  and  b  are  constants. 

To  find  the  law  connecting  y  and  .r,  we  have 

<fy 

~-  =  b  —  a 'y 
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.'.  separating  the  variables  and  integrating 


.*.  -  -  log.  (b  -  ay)  =  x  +  C 
where  C  is  any  constant. 

/.  log.  (b  -  ay)  =  -  ax  -  aC 

b  —  ay  =  e~ax  ~  °c 

y  =  her"  +  - 

g-aC 

where  the  constant  A  is  equal  to 

dy 
EXAMPLE. — If  ~  +  ^y  =  5  ;  find  an  expression  for  y  in  terms  ofx> 

Following  the  above  process  we  get 

/  = 

To  verify,  we  find 


:'~dx  +  ^~  ~  ^~3*  +  3&e~**  +5  =  5 
and  thus  the  given  differential  equation  is  satisfied  by  this  solution. 

EXAMPLES.—  C  XXIV. 

1.  Take  A  =  I  in  the  above  example,  and  plot  the  curve  y  =  er**  +  ^  from  x  =  o 
to  x  =  ^.  Measure  as  accurately  as  possible  the  values  ot-r  and_y  for  this  curve  at 
the  point  where  x  =  o'r,  and  verify  by  substitution  that  they  satisfy  the  equation 


Find  the  value  of  y  in  terms  of  x  so  as  to  satisfy  the  following  differential  equations: 
dv  _     dy 

=  8 


6.  If  a  constant  electro-motive  force  E  be  impressed  on  a  circuit  of  resistance  R, 
and  co-efficient  of  self-induction  L,  the  current  *  at  time  /  satisfies  the  equation 


Find  an  expression  for  i  in  terms  of  /,  choosing  the  constant  of  integration  so  that 
i  =  o  when  /  =  o. 

If  R  =  0*5  ohm,  L  =  O'O5  henry,  and  E  =  7  volts,  plot  a  curve  to  show  the 
value  of  the  current  at  any  time  from  t  =  o  to  t  =  0*3  sees. 

From  the  shape  of  the  curve  deduce  the  probable  value  of  the  current  at  the  end 

of  5  seconds.     Measure  the  slope  of  your  curve  at  t  =  O'i,  and  verify  that  i  and  -,   at 
this  instant  satisfy  the  given  differential  equation. 
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7.  In  an  electric  circuit  of  resistance  R,  and  coefficient  of  self-induction  L,  there 
is  a  simple  harmonic  impressed  electro-motive  force  E  sin  qt. 

Then  it  is  known  that  the  current  i  at  time  /  satisfies  the  equation 


where  L,  R,  and  E  are  constants. 

Show  that  this  equation  is  satisfied  if 

'' = -TWCTff. sin  <?' ~  «)  +  C<  ~  r 


where  C  is  a  constant  and  tan  a  =  =y  • 

K 

If  i  =  o  when  t  =  o,  find  the  value  of  C,  and  plot  a  curve  to  show  the  value  of  *  at 
any  time  from  /  =  o  to  t  —  0*05. 

Given  R  =  25,  L  =  o'i,  E  =  100,  q  =  600. 

232.  The  following  differential  equation  may  also  be  considered  :  — 

dy        y 

Let  -~  -  n- 

dx        x 

Find  the  law  connecting^  and  x.    We  have,  separating  the  variables  and 
integrating 

-     /*--/* 

log.  y  =  n  log.  x  +  C 
.*.  y  —  ax*  where  a  —  £ 
and  may  therefore  have  any  arbitrary  constant  value. 

EXAMPLE.  —  If  a  gas  expands  without  gain  or  loss  of  heat  it  can  be  shown  that 

*P-    -Jt 

dv~      Tv 

Find  the  law  connecting  p  andv. 
As  above,  we  have 


.*.  integrating 

log»/  =  —  7  log«  "  +  ' 
.*.  p  —  kv~V  where  k  is  a  constant 
=  k 


233.  More  General  Case,  where  ¥•  is  given  as  a  Function  of  y, 
Consider  such  an  example  as  the  following  : — 

£=H 

dx~  y 

dx       i 

Then  -j-  =  -«- 
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So,  in  general,  if 


dx 

dx 


and  x  can  be  found  in  terms  of  y  if  the  function  jr—^  can  be  integrated  with 
respect  to/. 

If  I  ^-~  cannot  be  integrated  directly,  or  if  the  connection  between  -f 

and  y  is  given  by  means  of  a  number  of  experimental  results,  we  may  obtain 
a  solution  by  the  graphic  method. 

EXAMPLE.— Let 


^  =  V(i  -/)(i  -o-25/j 

Construct  a  curve  showing  the  relation  between  x  and  y  from  y  =  o  to  y  =  J,  having 
given  that  x  =  o  when  y  =  o. 


0-5 


0-4 


0-3 


0-2 


0-1 


Values  0/35" 
FIG.  199. 
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We  have 


dx 


and  x  —  I  dx  =  I  -j-dy  since  y  —  o  when  x  = 


To  find  this  integral  we  plot  a  curve  in  which  values  of  y  are  ordinates  and  values 
of  -T   abscissae  by  choosing  a  number  of  values  of  y  and  thence  calculating  the  corre- 

,.          .         edx 
spending  values  of  -r. 

This  is  the  curve  PB  in  the  figure. 

[*Jx 
The  value  of  I   -j-dy  for  any  value  of  y  is  the  area  lying  between  this  curve  and 

the  axis  of  y  from  y  =  o  to  the  value  of  y  which  is  being  considered. 

("dx 
E.g.  the  area  OABP  gives  the  value  of  I   ~r-dy,  and  therefore  of  x  when  y  =  OA. 

This  is  found  to  be  0*307,  which  is  therefore  the  value  of  x  when_y  =  OA. 

Setting  off  AC  equal  to  0*307,  we  get  a  point  C  on  the  required  curve  connecting 
x  and_y. 

Proceeding  in  this  way  for  a  series  of  values  of  y  we  construct  the  curve  OC  in 
the  figure,  which  shows  the  relation  between  x  and  y,  so  that  the  given  differential 
equation  may  be  satisfied. 

dy 
234.  We  may  also  have  the  relation  between  ^-  and  y  given  by  means 

of  the  results  of  experiments  as  in  the  following  example. 

EXAMPLE. —  The  accelerating  torque  of  an  induction  motor  can  be  found  when  the 
speed  is  known.  The  following  are  values  of  the  torque  ta  available  for  acceleration  at 
speeds  v  of  a  car  on  the  City  and  South  London  Electric  Railway. 


vft.  per  sec. 

o 

16 

i6'9S 

l8'55 

20 

21*2 

ta  inch-lbs.  . 

7520 

7520 

5400 

3000 

1200 

O 

The  torque  is  constant  from  v  =  o  to  v  =  16,  and  then  decreases. 
The  acceleration  is  proportional  to  the  torque,  and  it  is  known  that  the  acceleration 
is  o'463ft.  per  sec.  per  sec.  when  /„  is  7520  inch-lbs. 

Construct  a  curve  to  show  the  relation  between  speed  and  time  from  starting. 

(Carus- Wilson,  Electro- Dynamics,  p.  163.) 

Let  a  be  the  acceleration.     Then,  since  the  acceleration  is  proportional  to  the 
torque,  and  a  =  0-463  when  ta  =  7520,  we  have 


7520 


and  the  values  of  a,  which  is  equal  to  -3-,  may  be  calculated.     Hence  we  get  the 


dt 

values  of  ->-  as  follows  :— 
av 


dt 
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V 

o 

16 

16-95 

18-55 

20 

21'2 

dv 
dt 

0-463 

0-463 

Q'333 

0-1845 

0-074 

O 

dt 
dv 

2-159 

2'i59 

3 

S'4S 

13'S 

oo 

.dt 


Plotting  the  values  of  -7-  and  v,  we  get  the  curve  ACD. 


TO 


Values  of  time  t  seconds 

20  30  4O  50 


60 


.20 


5  10 


10 


2^  4  6  •  8 

Values  of  j-jg 
FIG.  200. 

/'•  jy 

We  have  /  =  I   -7-  afr,  and  therefore  the  value  of  /  corresponding  to  any  value  of 

v  is  equal  to  the  area  between  the  corresponding  part  of  the  curve  ACD  and  the  axis 
of  v ',  e.g.  the  value  of  -r-  is  constant,  and  equal  to  2*159  from  v  =  o  to  v  =  16  ft.  per 

second,  so  that  the  time  which  passes  until  the  car  attains  a  velocity  of  16  ft.  per 
second  is  equal  to  the  area  of  the  rectangle  OACE  =  34*5  sees.  So  also  the  time 
taken  to  attain  any  velocity  less  than  16  ft.  per  second  is  equal  to  the  area  of  a 
rectangle  of  base  OA  and  height  v,  and  is  therefore  proportional  to  v. 

Thus  from  v  =  o  to  v  =  16  the  velocity  time  curve  is  the  straight  line  OB. 
The  remainder  BF  of  the  velocity  time  curve  is  obtained  by  adding  to  the  abscissae 
lengths  equal  to  the  corresponding  areas  between  the  curve  CD  and  the  axis  of  v. 
We  thus  get  the  curve  OBF,  showing  the  speed  at  any  time  from  starting. 

For  another  method  of  obtaining  this  curve,  see  Carus- Wilson,  £lectrc-Dynamicst 
p.  163 
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EXAMPLES.— CXXV. 

1.  The  speed  v  of  a  car  at  a  distance  x  from  its  starting-point  is  given  by  the 
following  table  : — 


x  feet  .     . 

o 

40 

80 

I30 

200 

300 

v  ft.  per  sec. 

0 

7-2 

I2'2 

18-8 

25 

29-5 

In  what  time  does  the  car  get  from  x  =  100  to  x  =  300  ? 

/TWO  JA  /"^T 

NOTE. — The  required  time  =  I     -j-dx  =  I     - .  dx,  which  can  be  found  by  the 

J  ioodx         J  mv 
graphic  method  from  the  above  data. 

2.  The  following  table  gives  the  acceleration  a  of  an  electric  locomotive  when  the 
speed  is  v  feet  per  second. 


v  ft.  per  sec. 

O  to  26-28 

27 

29 

32 

34 

a  f.  s.  s.  .     . 

Constant  and  =  073 

0-495 

0^285 

0-090 

o 

Construct  a  curve  to  show  the  velocity  at  any  time  after  starting. 
3.  The  following  data  refer  to  a  similar  case  :  — 

v  ft.  per  sec. 

o  to  37  -4 

33 

39 

40 

42 

a  f.  s.  s.  . 

0-417 

0-300 

0-190 

0-105 

o 

Construct  curves  to  show  the  relation  between  velocity  and  time  from  starting, 
and  also  between  distance  traversed  and  time. 

4.  P  is  the  pull  in  pounds  exerted  at  the  tread  of  an  electric  locomotive  at  speed 
v  feet  per  second  after  tractive  resistance  has  been  allowed  for.  The  mass  to  be 
drawn  is  3360  engineering  units.  Construct  a  curve  to  show  the  relation  between 
velocity  and  time  from  starting. 


v  ft.  per  sec. 

o  to  28*6 

29 

30 

32 

35'4 

Plbs.    .    . 

1960 

1713 

"73 

605 

o 

5.  The  following  table  gives  the  speed  of  a  car  at  various  distances  s  from 
starting.  Construct  a  curve  showing  the  relation  between  the  distance  and  the  time 
from  starting. 
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Velocity  ft.  per  sec. 

0 

5 

7-5 

9-9 

12-5 

16-9 

j  ft  

o 

ss 

70 

1  20 

180 

300 

(P.  V.  MacMahon,  Electrician,  June,  1899,  p.  227.) 


235.  Linear  Equations  of  the  Second  Order. — We  shall  first  consider 
and  compare  the  three  differential  equations. 


dx*        dx 

'dx*  +  2~dx 
We  note  that  the  equation 


(0 

(2) 

(3) 


has  been  shown  to  be  satisfied  by  putting 

The  equations  which  we  are  now  considering  are  similar  to  equations  of 
this  type,  but  contain  an  additional  term  -~i  of  higher  order. 

(i)  We  shall  try  whether  a  value  of_y  of  the  formj  =  Ae*-x,  where  A  and 
A.  are  constants,  can  be  made  to  satisfy  the  equations  (i),  (2),  (3). 


We  have,  \iy  = 


(4) 


dx~  '  dx* 

Substituting  in  equation  (i),  we  get 

(A.2  +  2A  —  3)A^X*  =  o 
This  is  evidently  satisfied  if 

\2  +  2\  —  3  =  o,  and  .'.  A  =  i  or  —3 

Therefore  equation  (i)  is  satisfied  if  we  put 

y  =  A!<?*  or  y  =  A^e'3* 
where  A,  and  A8  are  any  constants. 

.'.  y  =  A!*-  +  A,*-*       (5) 

also  satisfies  equation  (i),  since  the  sum  of  two  functions  can  be  differentiated 
one  term  at  a  time. 

It  can  be  shown  that  all  possible  solutions  of  equation  (i)  can  be  put 
into  this  form  by  giving  different  values  to  the  constants  Al  and  Ag. 
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(2)  If  we  attempt  to  solve  equation  (2)  by  the  same  process,  we  get  on 
substituting  from  (4) 


2X  +  3)A<?**  =  o 


The  equation  x2  +  2X  +  3  =  o  has  no  real  roots,  so  that  in  this  case  we 
cannot  find  two  real  values  of  x  to  give  a  solution  of  the  form  (5). 

If,  however,  we  introduce  the  imaginary  \f  —  i  =  t  'as  in  p.  66,  we  find, 
solving  the  quadratic  in  x, 


-  2±  V-8 
=  =-^ =  -  I 


2 

/.  the  general  solution  is 

=  ^(A!  cos  ^/2T  +  A!*'  sin  */2x  +  A2  cos  Jix 
—  A2*  sin  J-2.X)  (see  p.  224) 

=  (C  sin  »J~2x  +  D  cos  V2*)*""* 

where  D  =  Aj  +  A2,  C  =  A,*  —  A2*. 

Note  that  as  A,,  A2  may  have  any  values,  real  or  imaginary,  C  may  be 
real,  and  C  and  D  are  constants. 

We  have  shown  (p.  42)  that 

C  sin  *J2X  +  D  cos  JZT 

may  be  expressed  in  the  form  A  sin  (/J^x  +  B). 

Therefore  the  general  solution  of  the  equation  (2)  is 

y  =  Ae-  sin  (^2*  +  B) (6) 

where  A  and  B  are  constants. 

(3)  In  equation  (3)  we  get,  on  substituting  y  =  A/A», 


2X  +  i)A**«  =  o 
This  is  satisfied  if  Xs  +  2\  +  i  =  o 

*>.  (x  +  i)2  =  o  ;  X  =  —  T 

Thus  y  =  A<r~*  will  satisfy  the  equation,  but  this  solution  only  contains 
one  arbitrary  constant  A  instead  of  two,  as  in  cases  (i)  and  (2). 

It  can  be  shown  that  the  complete  solution  of  a  differential  equation 

d^y 
containing  -r^  must  contain  two  arbitrary  constants. 

We  find  that  the  equation  is  satisfied  by  putting 

.y  =  (A  +  B*)*-      ...........    (7) 


For        =  -  A<T«  +  Be~*  - 
dx 

^  =  (A  -  2B)-?-* 
dx^ 

.  <**y  +  2Q  +  y  -  (A  -  2B  -  2A  +  26  +  AV--  +  (B  -  2B  +  B)xg-*  =  o 
"  dx*        dx 
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236.  The  equations  (i),  (2),  (3)  are  all  of  the  form 

o.    .......    (8) 


where  a  and  b  are  constants. 

We  thus  find  that  there  are  three  forms  of  the  solution. 
If  the  quadratic 

A2  +  a\  +  b  =  o 

has  two  unequal  roots  A.,,  A^,  the  solution  is  in  the  form 
y  =  A,^!*  +  A2^X2*  as  in  (5) 
If  the  quadratic  has  imaginary  roots  the  solution  takes  the  form 

y  =  A*1*  sin  (qx  +  B)  as  in  (6) 
where  the  roots  of  the  quadratic  are 


and  therefore  the  solution  is 


y=  A*-"*  sin    (  -r+B      .'....    (9) 


If  the  quadratic  has  equal  roots  A,  the  solution  is_y  =  (A  + 
The  student  is  advised  not  to  use  the  general  formulae,  but  to  work  out 
each  case  separately  as  has  been  done  for  equations  (i),  (2),  (3)  above. 

237.  Simple  Harmonic  Motion.  —  An   important   special   case  arises 
when  a  —  o  in  equation  (8). 
We  get 


The  solution  (9)  becomes 

y  =  A  sin  (jbx  +  B) 

The  case  of  simple  harmonic  motion  is  represented  by  a  differential 
equation  of  this  form. 

Let  a  point  move  along  a  straight  line  so  that  its  acceleration  towards  a 
fixed  point  O  is  proportional  to  its  distance  from  that  point. 

Let  x  be  the  distance  of  the  moving  point  from  O  at  any  time  /. 

Then  the  above  condition  gives 

-Trf  =  —  q^x  where  q  is  a  constant 


The  solution  of  this  differential  equation  is 
x  =  A  sin  (qt  4-  g) 

where  g  is  a  constant. 

This  gives  the  distance  x  described  in  time  /  in  simple  harmonic  motion. 
This  is  the  same  as  the  equation  obtained  to  represent  simple  harmonic 
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motion  in  the  graphic  treatment  in  Chapter  VI  I.,  where  simple  harmonic 
motion  was  denned  as  the  projection  of  uniform  circular  morion. 

We  thus  see  that  the  definition  of  simple  harmonic  motion  by  means  of 
the  property  that  the  acceleration  varies  as  the  distance  from  the  centre 
leads  to  the  same  result  as  its  definition  as  the  projection  on  a  straight  line 
of  uniform  circular  motion. 

238.  EXAMPLE.  —  A  condenser  of  capacity  K  is  discharging  through  a  circuit  of 
resistance  R  and  coefficient  of  self-induction  L  ;  its  potential  v  of  any  time  t  satisfies  the 
differential  equation 


Find  an  expression  for  the  potential  at  any  time. 

We  have  seen  that  the  solution  of  this  equation  depends  upon  that  of  the 
quadratic 

Lx»  +  Rx+l=o  .......         (2) 

If  K-  >  j^  ;  iJ.  if  4L  <  R*K,  this  quadratic  has  real  roots,  and  the 

differential  equation  is  of  the  same  type  as  equation  (\\  p.  400. 
Let  x,,  Xj  be  the  roots  of  the  quadratic  equation  (2). 
Then  the  solution  of  the  differential  equation  (i)  is 

v  =  A,/1'  +  A^*1* 

If  R*  <  ^r  ;  ijg.  if  4L  >  R8K,  the  quadratic  has  imaginary  roots,  and  the 
l\. 

equation  is  of  the  same  type  as  equation  (2),  p.  400. 
Its  solution  is 


If  4L  =  R5K  we  have  equal  roots  as  in  equation  (3),  p.  400,  and 
v  =  (A  +  B/)*-l* 

239.  The  constants  in  any  actual  case  are  found  from  the  known  initial 
conditions. 

Consider  the  case  where  R  =  200  ohms  and  K  =  0*5  microfarad  = 
0*5  x  io~*  farad. 

First  take  L  =  0*002  henry. 

Then  the  differential  equation  becomes 

0'002-j-^  +  200—-  +  2  X   IOV  =  O 
at  at 


Substitute  v  = 

We  get,  as  the  condition  that  the  differential  equation  may  be  satisfied 

0-002X1  +  200X  +  2  X   10*  =  O 


_  -  200  ±  V4-IQ*  -  r6.  io4 

4  x  io~* 
=  -  io*(5  ±  3-875)  =  —  8-875  •  i°*  or  —  1-125    io* 
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.'.  the  potential  to  which  the  condenser  is  charged  at  any  time  /  is 
given  by 


v  = 

To  find  the  values  of  the  constants  A!  and  A2  the  initial  conditions  must 
be  given.     Suppose  the  condenser  is  charged  to  1000  volts  when  /  =  o. 
Substituting,  we  have 

1000  =  A!  +  A2 

dv 

We  also  know  that  the  current  and  therefore  -r.  =  o  when  t  =  o. 

at 

We  have 

~  =  -  8-875  .  io4.A,*-8-87«.io4<  -  1-125  •  io4.  A^-1'125-104* 

dif 
.'.  substituting  /  =  o  and  -^  =  o,  and  simplifying,  we  get 

o  =  -  7iA,  -  9A2 
.'.  A,=  -*ft*=  -I45,A,=  1145 
.*.  the  solution  is 

v  =  H45*-1'128-104'  -  145^-8-875.10** 


The  curve  representing  this  equation  has  been  plotted  as  an  example  in 
Example  7,  p.  no. 

Next  suppose  R  and  K  have  the  same  values  as  before,  but  L  =  o-oi. 
The  quadratic  in  \  becomes 

O'OIA.2  +  200A  +  2   X   I06  =  O 
_    —  200  ±  y^'IO*  -  8'IQ4 


.*.  the  potential  at  any  time  is  given  by 

v  =  A*-10*'  sin  (io4/  +  B) 
To  find  the  constants,  we  have 

•v  =  looo  when  /  =  o 
.'.  looo  =  A  sin  B 

Also,  as  before,  -r  =  o  when  /  =  o. 

^  =  -  io4A*-10*'  sin  (io4/  +  B)  +  io4A*-1()4<  cos  (io4/  +  B) 
Substituting  TT  =  °  and  /  =  o,  we  get 

o  =  io4A  cos  B  —  io4A  sin  B 
.*.  sin  B  =  cos  B  and  tan  B  =  j 

.'.  B  =  -  =  07854 

ir        A 
and  loco  =  A  sin  -  =  —^        /.  A  =  1414 

4  A/2 
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.'.  the  value  of  v  at  any  time  is  given  by 

z  =  I4i4<ric4'  sin  (io4/  +  07854) 

The   curve   representing   this    solution   was    given    as   an   example   in 
Example  4,  p.  120. 

As  an  example  the  student  should  work  out  the  solution  numerically  and 

R2K 
plot   the  curve  for  the  case  when    L  =  0-005  =  — — ,  the  initial  conditions 

being  the  same  as  in  the  above  examples. 


EXAMPLES.—  CXXVI. 

Find  the  relations  between    v  and  x,  so  that  the  following  equations  may  be 
satisfied  :  — 

1.  'Ly.  +  $-2-  +  ^y  =  o.      Taking  each  of  the  constants  equal  to  unity,  plot  a 
curve  to  show  the  relation  between^  and  x  from  x  —  o  to  x  =  2. 


6.  +,6^=o. 

7.  A  mass  m  is  supported  by  a  vertical  spring  which  will  stretch  a  length  h  when 
supporting  i  Ib.     Then,  if  we  neglect  the  stiffness  of  the  spring  and  the  resistance  of 
the  air,  the  motion  is  given  by 


where  m  is  obtained  by  dividing  the  weight  in  pounds  by  32-2,  and  x  feet  is  the 
distance  of  the  weight  from  its  position  of  equilibrium  at  time  /  seconds.  Find 
an  expression  for  x  in  terms  of  /,  having  given  that  x  =  o  when  /  =  o.  Taking 
the  weight  equal  to  }  Ib.,  A  =  o'5  ft.,  and  the  greatest  value  of  x  9  ins.,  plot  a  curve 
to  show  the  displacement  at  any  time  from  t  =  o  to  t  =  l  sec.  How  long  does  it  take 
the  weight  to  make  a  complete  oscillation  in  the  numerical  case  ?  Take  g  Ibs.  as  the 
unit  of  mass. 

8.  If  the  stiffness  of  the  spring  and  the  resistance  of  the  air  in  Example  7  have  the 
effect  of  retarding  the  motion  with  a  force  proportional  to  the  velocity,  the  motion  is 
given  by 

d-x  .    ,dx  ,  x 
'"W+**+-A  =  ° 

k  is  the  retarding  force  when  the  velocity  is  unity.  Find  an  expression  for  x  in  terms 
of  /  for  the  case  where  the  weight  =  \  Ib.,  h  =  0'$  ft.,  and  k  =  O'O2  Ib.  Sketch  a 
curve  to  show  roughly  the  character  of  the  motion. 

9.  I  is  the  moment  of  inertia  of  a  ballistic  galvanometer  needle  round  its  axis  of 
rotation,     h  is  the  twisting  moment  per  unit  angular  displacement  due  to  the  torsion 
of  the  fibre  and  the  controlling  magnetic  field,  k  is  the  moment  of  retarding  force  per 
unit  angular  velocity  of  the  oil  bath  used  to  damp  the  motion.    The  motion  is  given  by 

,d*0  .   ,dO 


where  0  is  the  angle  through  which  the  needle  is  displaced  from  its  equilibrium 
position  at  time  t. 
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Find  an  expression  for  6  in  terms  of  / 

1st,  when  K1  <4M  ;  2nd,  when  £2>  41/5 

Sketch  figures  to  illustrate  the  character  of  the  motion  in  each  case. 
Note  that  in  the  second  case  the  motion  is  "dead-beat,"  i.e.  the  needle  does  not 
swing  back  past  its  equilibrium  position,  while  in  the  first  case  the  motion  is  oscillatory. 

240.  Next  consider  a  differential  equation  of  the  type 

g  +  '£  +  *«v  ........  0) 

where  V  is  a  function  of  x. 

Compare  this  with  the  equation 

£5  +  fl£+J,=  0        .......      (2) 

tur        dx 

which  has  already  been  considered. 

If  y  —  u  is  any  solution  of  equation  (i),  then/  =  u  +  v  is  also  a  solution, 
where  v  is  any  solution  of  equation  (2).  • 

For  if  y  —  u  +  v 

dy      du      dv    d2y      d*u     d?v 

we  have  ~  =  -r-  +  -,-  ;  -r~.  -  -7-3  +  -j-s 

dx     dx      dx    dx*      dx*      dx2 

and,  on  substitution, 

d2V  ,      dy  <   L        (Pu        du  ,   .        fflv  ,      dv  ,    . 

&+*£+**=  <&+*&+**+&+*&+** 

=  V  +  o 

since  y  =  u  satisfies  equation  (i) 
and  y  =  v  satisfies  equation  (2) 

Thus  the  solution  of  equation  (i)  consists  of  two  parts: 

(a)  A  "particular  integral  n  y  =  u,  which  may  be  any  solution  of  equa- 

tion (i),  the  simpler  the  better  ;  and 

(£)  The  "complementary  function"  vt  which  is  the  general  solution  of 
equation  (2). 

EXAMPLE  — 


We  have  shown,  p.  400,  that  the  solution  of 


isy  =  A^  +  Az<r  «* 

A  particular  integral  is  evidently  y  =  —  3. 
Therefore  the  solution  of  the  given  equation  is 

y  -  A!**  +  A2^-«  -  3 
This  may  be  verified  by  finding-^  and  -~t  and  substituting. 

241.  Symbolic  Method.  —  When  there  is  only  one  independent   vari- 
able, we  may  denote  the  operation  of  differentiation  by  the  symbol  D. 
Thus 

dy  dzy 

dx  =  Djf'         2?  =  ^  and  S0  °n* 
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For  example 


DV1*  =  a2^,        D  sin  /*  =  /  cos  />*, 
D  cos/*  =  — /  sin/*,    D2  sin/*  =  -/2  sin  />*,    D2  cos  px  =  -  p"-  cos/*. 

Note  that  the  effect  of  the  operator  D  upon  *"*  is  the  same  as  that  of 
multiplication  by  a,  and  the  effect  of  D2  upon  sin  /*  and  cos  /*  is  the  same 
as  that  of  multiplication  by-/2. 

..  f       .      d2y  ,     dy  ,    , 

In  the  same  way  the  complete  operation  of  forming ^  +  a~Jx+  ty  mav 

be  denoted  by  (D2  +  aD  +  b)y. 
Thus 

(D2  +  aD  +  £><"r  =  («2  +  aa  +  £>",  (D2  +  b)  sin/*  =  (-/*  +  b}  sin/*, 
(D2  +  aD  +  b)  sin/*  =  (  —  /2  +  aD  +  b)  sin/*  =  (b— /2)  sin/*  +  ap cos/*. 

In  order  to  be  consistent  with  Algebra,  the  inverse  operator  ^  must  denote 
an  operation  which  is  reversed  by  D,  that  is 

i  i  A  /* 

L)        *  L)  uxj 

Thus  —  e'L*  =  -£<**,     prsin/*=  —-cos/*,     c^2sin/*=  — -nsin/*. 
D  a  i-/  /  i-)  / 

So  also  n2    —         ,  ._y  denotes  the  operation  which  is  reversed  by  D2  +  a  D  +  b 

so  that  (D2  +  aD  +  b)  •  D2  .  ^D   .  ^  =  J' 
Thus  ]j2  +  gp  +  ^gar  =  B'  •    '-  •   ^"r> 

We  have  seen  that  D'" .  D"j  =  £-  •  - 


D(<y)  =  -j-(ay)  =  a -j-  =  dDy  when  a  is  constant. 

Thus  the  symbols  D,  D2,  etc,  when  operating  upon  a  function  of  *  obey 
Jaws  similar  in  form  to  the  fundamental  laws  of  Algebra,  and  we  may  perform 
the  operations  of  Algebra  with  them  as  if  they  were  parts  of  an  algebraic 
expression,  the  other  parts  of  the  expression  being  constants.  As  an  exercise 
the  student  should  verify  the  following  examples  by  carrying  out  the  operations 
of  differentiation  and  integration  involved  : — 


(D  -  2)(D  +  3)^*  =  (D  +  3)(D  -  2^  =  (D2  +  D  - 

=  (32  +  3  —  6)^*  =  6^* 
(D  -  l)(D  +  4)  sin  2*  =  (D  -  i)(2  cos  2*  +  4  sin  2*) 

=  —  4  sin  2*  —  2  cos  2*  +  8  cos  2*  —  4  sin  2* 

=  —  8  sin  2*+  6  cos  2* 
(D  -  i)(D  +  4)  sin  2*=  (D2  +  30-4)  sin  2*  =  (-  4  +  3D  -  4)   sin   2* 

=  —  8  sin  2*  +  6  cos  2* 

_J_cos^=_J_COs/* 
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I  D2  +  b  -  aD 

D*  +  aD+  6****  =  (D2  +  J  -  aD)(D2  +  b  +  aD)  sm   **> 

the  operation  D2  +  b  —  at)  on  both  numerator 
and  denominator 
D2  +  b  -  <zD      .  -2  +  £-aD      . 


COS  .? 


This  symbolic  method  may  be  used  to  find  a  particular  integral  of  a 
differential  equation  in  certain  cases. 

Thus  if  *£  +  a&  +  tyssg 

dx2-        dv 

or  (D2  +  aD  +  li)y  =  z 

then  y  —  ^2  gis  a  value  ofjK  which  satisfies  the  differential  equation. 

For,  operating  on  both  sides  with  D2  +  aD  +  &,  we  get 

(D2  +  aD  +  b}y  =  (D2  +  aD  +  b}  .p2+*D  +  ^  =  * 
fnT7-  *  ^s  a  Par^cu^ar  integral  of  the  equation  (D2  +  aD 

^Zi_/  "i~  ^ 

EXAMPLE  i— 

&-&+«-*• 

We  have  (D2  -  50  +  4)7  =  2^ 

A  particular  integral  is 

I  2 

v  —  _  I  -      n  Ax  --  .      A*  =    _ 

^-Ds-5D  +  4l2      ~2 
and  the  complete  solution  is  y  =  Arex  + 

EXAMPLE  2— 

d*x  .    ,dx  .  x          .         .. 
m-j-f-  +  k—  +  r  =  a  sm  2ir/7 
a^  at       n 

This  represents  the  vibration  of  the  spring  considered  in  Example  CXXVI.  8, 
when  it  is  subjected  to  a  simple  periodic  force  of  frequency  f.  Taking  a  =  10, 
/"=  20,  and  the  same  values  of  m,  k,  h  as  before,  find  a  numerical  solution. 

We  have  /'_.,  .   k  n  ,     i  \         a    . 

(  D2  +  -  D  +  —  >  F  =  -  sm  2irft 
\  m         mhj         m 

A  particular  integral  is 


.    , 

~  sin  27T/2  = 


*=•  A,  cos 
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A,  =  -  -  =*•     -  ,     B.. 

(JL  _  4.y,,(  J  +  4,yv 

The  particular  integral  may  also  be  put  into  the  form 
x  -  C,  sin  (2itft  +  D,) 


where  C  =      A^  +  B,2  and  tan  Dj  =     i 

BI 

The  numerical  values  are  a  =  10,  _/=  20,  *w  =  —  -  ,  ^  =  o'C,  £  =  0-02 

4  X  32-2' 

.'.  A,  =  —0-017,  B,  =  —0*083 
and  the  complete  solution  is 

x  =  —0-017  cos  40ir/  —  0-083  sin  4°**  +  9*-1"29*  sin  15751? 

where  the  complementary  function  has  the  form  found  in  Example  8,  p.  405,  and  the 
same  values  of  the  constants  are  taken.     Putting  the  solution  into  the  form 

x  =  —0*084  sin  (407r/  +  0-22)  +  g^-J'29*  sin  1575* 

we  see  that  the  motion  of  the  spring  consists  of  two  parts  : 

(a)  The    "natural"    or    "free"    oscillation     of    the    spring,    represented    by 

9*-1"29*  sin  1575*,  which  is  of  gradually  diminishing  amplitude  ; 

(b)  The  forced  oscillation,  represented  by  —0*084  sin  ^orr*1  +  o'22),  which  is  a 

simple  periodic  motion  of  the  same  period  as  the  impressed  force. 


EXAMPLES.—  CXXVII. 

Find  complete  solutions  of  the  following  differential  equations. 
cPy   .     dy 


Verify  by  differentiation  and  substitution. 

4.  If  a  constant  electromotive  force  of  1000  volts  is  applied  to  a  circuit  containing 
a  self-induction  L,  a  resistance  R,  and  a  condenser  of  capacity  K,  then  the  quantity  q 
of  the  charge  in  the  condenser  at  time  t  satisfies  the  equation 


Giving  R  and  K  the  same  numerical  values  as  in  §  239,  find  expressions  for  q  in 
terms  of  the   time  for  the  two  cases  when  L  =  0-002  henry  and  L  =  0*01  henry, 

having  given  that  q  =  o  when  /  =  o,  and  -^-  —  o  when  t  =  o. 

NOTE.  —  With  the  data  as  given  the  result  will  give  the  value  of  q  in  coulombs. 
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ADVANCED  STAGE. 


1901. 

1.  Compute  30^56  -5-4*105,  0-03056  X  0-4105,  4'io51123,  o-O4io5~2J. 
The  answers  must  be  right  to  three  significant  figures. 
Why  do  we  multiply  log  a  by  b  to  obtain  the  logarithm  of  a*  ? 


(20) 


2.  If  a  —  5,  b  =  200,  c  =  600,  g  =  —  0*1745  radian,  find  the  value  of  ae~bt  sin  (ft  +  g) 

(i)  when  /  =  o'ooi 
(ii)  when  /  =  o'oi 
(iii)  when  t  =  o'l. 


Of  course  the  angle  is  in  radians. 


(20) 


3.  The  keeper  of  a  restaurant  finds,  when  he  has  G  guests  in  a  day,  his  total  daily 
expenditure  is  E  pounds  (for  rent,  taxes,  wages,  wear  and  tear,  food  and  drink), 
and  his  total  daily  receipt  is  R  pounds.  The  following  numbers  are  averages 
obtained  by  examination  of  his  books  on  many  days  : — 


G 

E 

R 

2IO 

167 

15-8 

270 

19-4 

21'2 

320 

21-6 

26-4 

360 

23'4 

29-8 

Using  squared  paper,  find  E  and  R  and  the  day's  profits  if  he  has  340 
guests. 

What  number  of  guests  per  day  just  gives  him  no  profit  ? 

What  simple  algebraic  laws  seem  to  connect  E,  R,  P  the  profit,  and  G  ? 

Two  of  the  marks  will  be  given  for  a  correct  answer  to  the  following  : — 

If  he  finds  that  he  has  almost  too  many  guests  from,  say,  i  to  2  o'clock,  and 
from,  say,  6  to  7  o'clock,  and  almost  none  at  other  times  of  the  day,  what 
expedient  might  he  adopt  to  inciease  his  profits  ?  (25) 

4.  The  following  quantities  are  thought  to  follow  a  law  like  pv*  =  constant.     Try 
if  they  do  so  ;  find  the  most  probable  value  of  «  : — 


w 

I 

2 

3 

4 

5 

/ 

205 

II4 

80 

63 

52 
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6.  There  is  a  curve  whose  shape  may  be  drawn  from  the  following  values  of  x  and^ 


x  in  feet  .     . 

3 

3'5 

42 

4'8 

y  in  inches  . 

10  1      . 

12  2 

!3-I 

119 

Imagine  this  curve  to  rotate  about  the  axis  of  x  describing  a  surface  of  revolu- 
tion. What  is  the  volume  enclosed  by  this  surface  and  the  two  end  sections 
where  x  =  3  and  x  =  4/8  ?  (25) 

6.  If  x  =  a  sin  //  +  b  cos  pt  for  any  value  of  /  where  a,  b,  and  /  are  mere  numbers  ; 

show  that  this  is  the  same  as  x  =  A  sin  (//  +  ')  if  A  and  e  are  properly 
evaluated.  (25) 

7.  Let  a  closed  curve  rotate  round  a  straight  line  in  its  own  plane  and  generate 

a  ring  ;  state  and  prove  the  two  rules  for  finding  the  volume  and  surface  of  the 
"ng.  (25) 

8.  Two  sides  of  a  triangle  are  measured  and  found  to  be  32-5  and  24/2  ins.  ;  the 

included  angle  being  57°,  find  the  area  of  the  triangle.  Prove  the  rule  used 
by  you.  If  the  true  lengths  of  the  sides  are  really  32-6  and  24*1,  what  is  the 
percentage  error  in  the  answer  ?  (20) 

9.  The  polar  co-ordinates  of  a  point  are  r=5ft.,0=52°;<£  =  70°,  find  the  x, 

y,  and  *  co-ordinates  ;  also  find  the  angles  made  by  r  with  the  axes  of  co- 
ordinates. (25) 

10.  Define  carefully  what  is  meant  by  the  Scalar  Product  of  two  vectors  and  by  the 

Vector  Product  of  two  vectors,  giving  one  useful  example  of  each.  (30) 

11.  There  is  a  piece  of  a  mechanism  whose  weight  is  200  Ibs.     The  following  values 

of  s  in  feet  show  the  distance  of  its  centre  of  gravity  (as  measured  on  a  skeleton 
drawing)  from  some  point  in  its  straight  path  at  the  time  /  seconds  from  some 
era  of  reckoning.  Find  its  acceleration  at  the  time  /  =  2 '05,  and  the  force  in 
pounds  which  is  giving  this  acceleration  to  it. 


0-3090 

0-493' 
0-6799 
O'8/oi 
1-0643 
1-2631 


2'OO 
2 -O2 
2-04 
2'O6 
2-08 
2'10 


dy._ 


(25) 


12.  What  is  meant  by  the  symbol  ~  ~i     Explain  how  it  may  be  represented  by  the 
slope  of  a  curve.     State  its  value  in  the  cases 


y  =  ax",  y  =  aibx,  y  =  a  sin  (bx  +  c)t 
y  —  a  cos  (bx  +  c),  y  =  loge  (x  +  b). 


13.  Find 


.  dvt  if  pit  =  c,  a  constant 


(1)  when  j  =  o'8, 

(2)  when  j  =  i. 


(30) 


(25) 


412 


Examination  Papers 


14.  In  the  curve  y  =  ex*,  find  c  if  y  =  m  when  x  =  b.     Let  this  curve  rotate  about 

the  axis  of  x  ;  find  the  volume  enclosed  by  the  surface  of  revolution  between 
the  two  sections  at  x  =  a  and  x  =  b.    Of  course  mt  b,  and  a  are  given  distances. 

(25) 

15.  The  rate  (per  unit  increase  of  volume)  of  reception  of  heat  by  a  gas  is  A,  f  is  its 

pressure,  and  v  its  volume  ;  7  is  a  known  constant. 
If  pv*  =  c,  s  and  c  being  constants,  find  h  if 


y-  I  I  etv 

Full  marks  will  be  given  only  when  the  answer  is  stated  in  its  simplest  form. 
If  h  is  always  o,  find  what  J  must  be.  (25) 

16.  At  the  following  draughts  in  sea  water  a  particular  vessel  has  the  following 
displacements  :  — 


Draught  h  feet    .     .     . 

15 

12 

9 

6-3 

Displacement  T  tons     . 

2098 

1512 

1018 

586 

Plot  log  T  and  log  h  on  squared  paper,  and  try  to  get  a  simple  rule  con- 
necting T  and  h.  If  one  ton  of  sea  water  measures  35  cub.  ft.,  find  the  rule 
connecting  V  and  A,  if  V  is  the  displacement  in  cubic  feet.  (25) 

17.  Preferably  to  be  answered  by  a  Candidate  who  has  already  answered  Question 

16.  Find  how  A  the  horizontal  sectional  area  of  the  vessel  at  the  water  line 
depends  upon  h.  At  any  draught  h,  what  change  of  displacement  V  or  T  is 
produced  by  one  inch  difference  in  h  ?  (20) 

18.  In  any  class  of  turbine  if  P  is  power  of  the  waterfall  and  H  the  height  of  the  fall, 

n  the  rate  of  revolution,  and  R  is  the  average  radius  at  the  place  where  water 
enters  the  wheel,  then  it  is  known  that  for  any  particular  class  of  turbines  of 
all  sizes, 

n  oc  H1'28,  P-°'5 

R  oo  P°-»,  H-»™ 

In  the  list  of  a  particular  maker  I  take  a  turbine  at  random  for  a  fall  of 
6  feet,  loo  horse-power,  50  revolutions  per  minute,  2'5i  ft.  radius.  By  means 
of  this  I  find  I  can  calculate  n  and  R  for  all  the  other  turtines  of  the  list. 
Find  «  and  R  for  a  fall  of  20  ft.  and  75  horse-power.  (20) 


ADVANCED  STAGE. 

1902. 

1 .  Compute  by  contracted  methods,  without  using  logarithms, 
23-07  x  0-1354,  2307-4-1-354 

Compute  2-3O70'65  and  23'O7~1'28  using  logarithms.  The  answers  to  consist  of 
four  significant  figures. 

Why  do  we  add  logarithms  to  obtain  the  logarithm  of  a  product? 

Suppose  we  have  a  scale  on  a  slide  rule  on  which,  as  usual,  the  distance  to 
any  mark  «  is  log  n  ;  and  there  is  another  scale  on  which  the  distance  to  any 
mark  m  is  log  (log  m) ;  show  that  we  can  at  once  read  off  m*  and  also  the 
logarithm  of  any  number  to  any  babe.  (20) 
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2.  Write  in  a  table  the  values  of  the  sine,  cosine,  and  tangent  of  the  following 
angles : — 

23°,  123°,  233°,  312°,  383°  (20) 


3.  What  is  meant  by  the  symbol  -2-  ? 

Explain  how  it  may  be  represented  by  the  slope  of  a  curve. 

dy 
If  y  —  2*4  —  l'2jr  4-  o'Zx1  find  -f  and  plot  two  curves  from  x  =  o  to  x  =  4, 


dy 
showing  how  y  and  -~-  depend  upon  jr. 


(20) 


4.  Work  the  following  three  exercises  as  if  in  each  case  one  were   alone   given, 
taking  in  each  case  the  simplest  supposition  which  your  information  permits : — 

(a)  The  total  yearly  expense  in  keeping  a  school  of  loo  boys  is  ^2,100; 

what  is  the  expense  when  the  number  of  boys  is  175  ? 

(b)  The  expense  is  £ 2 100  for  100  boys,  ^3050  for  200  boys  ;  what  is  it  for 

175  boys? 
(e)  The  expenses  for  three  cases  are  known  as  follows  : — 

^2100  for  loo  boys 
^2650  for  150  boys 
.£3050  for  200  boys 

What  is  the  probable  expense  for  175  boys? 
If  you  use  a  squared  paper  method,  show  all  three  solutions  together.     (25) 

6.   For   the  years  1896-1900,  the  following  average  numbers  are  taken  from  the 
accounts  of  the  34  most  important  electric  companies  of  the  United  Kingdom. 

U  means  millions  of  units  of  electric  energy  sold  to  customers.  C  means  the 
total  cost  in  millions  of  pence,  and  includes  interest  (7  per  cent.)  on  capital, 
maintenance,  rent,  taxes,  salaries,  wages,  coal,  etc. 


U 

0-67 

I  '00 

1-366 

1^46 

2-49 

C 

4-84 

6-25 

8-60 

9-11 

14-25 

Is  there  any  simple  approximately  correct  law  connecting  U  and  C  ?  If  so, 
what  is  it  ?  Assume  that  from  the  beginning  there  was  the  idea  of,  at  some 
time,  reaching  a  maximum  output  of  I3'9,  so  that  U  •+•  13*9  is  called  ft  a 
certain  kind  of  load  factor.  Let  C  •*•  U  be  called  c  the  total  cost  per  unit ;  is 
there  any  law  connecting  c  and  ft  You  need  not  plot  c  and/" ;  it  is  better  to 
use  the  law  already  found.  (30) 

6.  In  some  experiments  in  towing  a  canal  boat  the  following  observations  were 
made ;  P  being  the  pull  in  pounds  and  v  the  speed  of  the  boat  in  miles  per 
hour. 


V 

1-68 

2'43 

3'i8 

3'6o 

4^3 

P 

76 

160 

240 

320 

370 

Plot  log  v  and  log  P  upon  squared  paper,  and  give  an  approximate  formula 
connecting  P  and  v.  (20) 
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7.  What  is  the  idea  on  which  compound  interest  is  calculated  ?     Explain,  as  if  to  a 

beginner,  how  it  is  that 

A  = 

where  P  is  the  money  lent  and  A  is  what  it  amounts  to  in  «  years  at  r  per  cent, 
per  annum.     If  A  is  130  and  P  is  100  and  n  is  7'5,  find  r. 

What  does  the  above  equation  become  when  we  imagine  interest  to  be 
added  on  to  principal  every  instant  ?  State  two  natural  phenomena  which 
follow  the  compound  interest  law.  (30) 

8.  Only  one  of  the  following,  (a)  or  (b),  is  to  be  attempted  : — 

(a)  The  inside  diameter  of  a  hollow  sphere  of  cast-iron  is  the  fraction  0*57  of 
its  outside  diameter.     Find  these  diameters  if  the  weight  is  60  Ibs.    Take 

1  cub.  in.  of  cast  iron  as  weighing  0/26  Ib. 

If  the  outside  diameter  is  made  I  per  cent,  smaller,   the   inside   not 
being  altered,  what  is  the  percentage  diminution  in  weight  ? 
(6)  The  cross-section   of  a  ring  is  an  ellipse  whose  principal  diameters  are 

2  ins.  and  ij  ins.  ;  the  middle  of  this  section  is  at  3  ins.  from  the  axis 
of  the  ring.     What  is  the  volume  of  the  ring  ? 

Prove  the  rule  you  use  for  finding  the  volume  of  any  ring.  (20) 

9.  If/z»*  is  constant,  and  if  p  =  I  when  v  =  I,  find  for  what  value  of  v,  p  is  o'2. 

Do  this  for  the  following  values  of  k  :  0*8,  o'g,   I'O,   IT.      Tabulate  your 
answers.  (25) 

10.  Define  carefully  what  is  meant  by  the  Scalar  Product  and  by  the  Vector  Product 

of  two  vectors,  giving  one  useful  example  of  each.  (25) 

11.  There  is  a  point  P  whose  x,  y,  and  z  co-ordinates  are  2,  1-5,  and  3.     Find  its  r, 

6,  <f>  co-ordinates.     If  O  is  the  origin,  find  the  angles  made  by  OP  with  the 
axes  of  co-ordinates.  (20) 


12.  When  is  xf  —  x     *t  a  maximum,  y  being  I  '4  ?    Plot  the  values  near  the  maximum 

value.  For  this  purpose  you  need  only  calculate  the  maximum  value  and 
two  others.  (25) 

13.  If  the  current  C  amperes  in  a  circuit  follows  the  law  C  =  10  sin  6oot ;  if  /  is  in 

seconds  ;  and  if 

V  =  RC  +  !*£, 
dt 

where  R  is  0*3  and  L  is  4  X  IO~4,  what  is  V  ? 

Show  by  a  sketch  how  C  and  V  depend  upon  time,  and  particularly  how  one 
lags  behind  the  other,  and  also  state  their  highest  and  lowest  values.        (30) 

14.  There  is  a  function 

V  =  5  logio  x  +  6  sin  JQX  +  0-084^  -  3-5)' 

Find  a  much  simpler  function  of  x  which  does  not  differ  from  it  in  value  more 
than  2  per  cent,  between  x  =  3  and  x  =  6.  Remember  that  the  angle  ^JT  is 
in  radians.  (25) 


ADVANCED  STAGE. 
1903. 

1.  Compute  by  contracted  methods  to   four  significant  figures  only,  and  without 
using  logarithms  or  slide  rule 

8T02  x  35  '14,  254-3  -i-  0-09027 
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State  the  logarithms  of  37240,  37-24,  0*03724. 
Compute,  using  logarithms, 


3/37  24         1/3724 
372  -4*-"        o-3724~t-4s 

Explain  why  it  is  that  logarithms  are  multiplied  in  computing  the  powers  of 
numbers. 

In  tiding  your  four-figure  logarithm  table  have  you  observed  that  there  is 
more  chance  of  error  at  some  places  than  at  others  ?  How  is  this  ?  Can  you 
suggest  an  improvement  in  such  tables  ?  (30) 

2.  The  three  parts  (a),  (b),  and  (c )"  must  be  all  answered  to  get  full  marks. 
(a)  If  0  =  O'S-r,  ft  =  0-3,  and  N  = 


findN. 


if(N-M)  V=  33000  P  ; 
if  P  is  30  and  V  is  520  ; 


(6)  Find  the  value  of  icvf*'1'  sin  (2ir/?  +  o"6),  where/ is  225  and  /  is  O'OO3. 
Observe  that  the  angle  is  stated  in  rat/tans. 


and  if 
find  «. 


A  =  3?  when  r  = 


(30) 


3.  y  —  a  -f  bjc"  is^he  equation  to  a  curve  which  passes  through  these  three  points, 
x  =  o,y  =  1-24;  x  =  2-2,y  =  5-07;  x=  3'5»J'=  I2-64 

find  a,  b,  and  «. 

dy 
When  we  say  that  -~  is  shown  by  the  slope  of  the  curve,  what  exactly  do  we 


mean  ?    Find  --,  when  x  =  2. 


(30) 


4.  The  following  are  the  areas  of  cross-section  of  a  body  at  right  angles  to  its 
straight  axis : — 


A  in  sq.  ins.  .  .  . 

250 

292 

3IO 

273 

215 

180 

135 

1  2O 

x  inches  from  one  end 

o 

22 

41 

70 

84 

102 

130 

H5 

What  is  the  whole  volume  from  x  =  o  to  x  =  145  ? 

At  x  =  50,  if  a  cross-sectional  slice  of  small  thickness  $x  has  tht  volume  5z>, 

find  g-f  (30^ 

ox 

5.  Find  accurately  to  three  significant  figures  a  value  of  x  to  satisfy  the  equation 

Q-IJJ,!.*  _  I2  \ogtax  +  2  sin  2x  =  0*921 
Notice  in  sin  2x  that  the  angle  is  in  radians.  (42) 
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6.  The  population  of  a  country  was  4-35  X  10"  in  1820,  7-5  X  io6  in  1860,  1 1-26  x  lo1 

in  1890.    Test  if  the  population  follows  the  compound  interest  law  of  increase. 
What  is  the  probable  population  in  1910?  (30) 

7.  The  following  table  records  the  growth  in  stature  of  a  girl  A  (born  January,  1890), 

and  a  boy  B  (born  May,  1894).     Plot  these  records.     Heights  were  measured 
at  intervals  of  four  months. 

TABLE  OF  HEIGHTS  IN  INCHES. 


Year    . 

1900 

1901 

1902 

1903 

Month 

Sept. 

Jan. 

May 

Sept. 

Jan. 

May 

Sept. 

Jan. 

A  .     . 

5475 

S5-SS 

56-6 

57-95 

59'2 

60'  2 

60-9 

61-3 

B    .     . 

48-25 

49-0 

4975 

50-6 

5^5 

52'3 

53-i 

53-9 

Find  in  inches  per  annum,  the  average  rates  of  growth  of  A.  and  B.  during 
the  whole  period  of  tabulation.  What  will  be  the  probable  heights  of  A.  and 
B.  at  the  end  of  another  four  months  ?  Plot  the  rate  of  growth  of  A.  at  all 
times  throughout  the  period.  At  about  what  age  was  A.  growing  most  rapidly 
and  what  was  her  quickest  rate  of  growth  ?  (30) 

8.  The  New  Zealand  Pension  law  for  a  person  who  has  already  lived  from  the  age 
of  40  to  65  in  the  colony  is  : —  .« 

If  the  private  income  I  is  not  more  than ^34  a  year,  the  pension  P  is£i8  a 
year.  If  the  private  income  is  anything  from  34  to  52,  the  pension  is  such  that 
the  total  income  is  just  made  up  to  52.  If  the  private  income  is  52  or  more 
there  is  no  pension. 

Show  on  squared  paper,  for  any  income  I  the  value  of  P,  and  also  the  value 
of  the  total  income.  If  a  person's  private  income  is  say  ^50,  how  much  of  it 
has  he  an  inducement  to  give  away  before  he  applies  for  a  pension  ?  Show  on 
the  same  paper  the  total  income,  if  the  pension  were  regulated  according  to 
the  rule 

p  =  l8  -  &1  (30) 


9.  The  following  table  gives  corresponding  values  of  two  quantities  x  and  y: — 


y 

10-16 

I2'26 

1470 

2O  '80 

24-54 

28-83 

X 

37-36 

3^34 

26-43 

19-08 

I6-33 

14-04 

Try  whether  x  and^  are  connected  by  a  law  of  the  form  yx*  =  c,  and  if  so, 
determine  as  nearly  as  you  can  the  values  of  n  and  c. 

What  is  the  value  of  x  when^/  =  17*53?  (30) 

10.  Both  parts  (a)  and  (6)  must  be  answered  to  get  full  marks. 

(a)  Prove  the  rules  used  in  finding  the  volume  and  area  of  a  ring.     The  mean 
radius  of  a  ring  is  2  feet.     The  cross-section  of  the  ring  is  an  ellipse 
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whose  major  and  minor  diameters  are  0*8  and  0*5  ft.  :    what  is    its 
volume  ? 

(6)  The  length  of  a  plane  closed  curve  is  divided  into  24  elements,  each 
I  in.  long.  The  middles  of  successive  elements  are  at  the  distances  x 
from  a  line  in  the  plane,  as  follows  (in  inches) : — 10,  10*5,  10*91,  11*24, 
11*49,  11*67,  I2'57»  II-67,  n'49,  ii'24,  10-91,  105,  10,  10-5,  10-91, 
11-24,  ii'49,  ir&7,  12-57,  11*67,  11*49,  II-24>  Jo*9i,  10*5. 

If  the  curve  rotates  about  the  line  as  an  axis  describing  a  ring,  find 
approximately  the  area  of  the  ring.  (42) 

11.  Three  planes  of  reference,  mutually  perpendicular,  meet  at  O.     The  distances  of 

a  point  P  from  the  three  planes  are  x  =  1*2,  y  =  2  7,  z  =  0*9.     The  distances 
of  a  point  Q  are  x  =  0*8,  y  =  1*8,  z  =  1*5. 
Find  ist,  the  distances  OP  and  OQ  ; 

2nd,  the  distance  PQ  ; 

3rd,  the  angle  between  OP  and  OQ.  (30) 

12.  Find  the  moment  of  inertia  of  a  hollow  right  circular  cylinder,  internal  radius  Rj, 

external  R,,  length  /,  about  the  axis  of  figure. 

Prove  the  rule  by  which,  when  we  know  the  moment  of  inertia  of  a  body 
about  an  axis  through  its  centre  of  mass  we  find  its  moment  of  inertia  about 
any  parallel  axis. 

What  is  the  moment  of  inertia  of  our  hollow  cylinder  about  an  axis  lying  in 
its  interior  surface  ?  (42) 

13.  If  the  current  C  amperes  in  a  circuit  follows  the  law 

C  =  10  sin  6oo/ 
where  t  is  in  seconds.     If 

V  =  RC  +  L-§ 

where  R  =  0*3,  L  =  4  X  io~4,  find  V. 

Show  by  a  sketch  how  C  and  V  vary  with  the  time  /,  and  particularly  how 
one  lags  behind  the  other,  and  also  state  their  highest  and  lowest  value.  (42) 

14.  The  entropy  <p  ranks  of  a  quantity  of  stuff  at  the  absolute  temperature  /  degrees 

is  know  n  to  vary  in  the  following  way  : — 


/ 

443 

4°3 

373 

343 

t 

1-584 

1-668 

1749 

1-850 

Plot  <p  horizontally  and  /  vertically. 

A  rectangle  whose  dimension  horizontally  represents  O'l  rank,  and  whose 
vertical  dimension  represents  10  degrees,  has  an  area  which  represents  o*  I  X  10 
or  I  unit  of  heat,  what  heat  does  each  square  inch  of  your  diagram  represent  ? 
The  total  heat  received  from  beginning  to  end  of  the  above  set  of  changes  i& 
represented  by  the  total  area  between  the  curve,  the  two  end  verticals  and  the 
zero  line  of  temperature  ;  state  the  amount  of  it. 

You  need  not,  of  course,  plot  the  whole  of  <f> ;  you  may  subtract,  say,  1-5 
from  each  of  the  values.  Also,  if  you  want  greater  accuracy  and  can  estimate 
areas  of  rectangles  not  actually  drawn,  you  need  not  plot  the  whole  value 
of  t.  (42) 

2   £ 
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1904. 
STAGE  2. 

Answer  Questions  No.  I,  No.  2,  and  No.  3,  and  five  others. 
1.  The  four  parts  (a),  (b),  (c),  and  (d)  must  all  be  answered  to  get  full  marks. 

(a)  Compute  by  contracted  methods  to  four  significant  figures  only,  and  with- 
out using  logarithms, 

34-05  x  0*009123  ;  and  3-405  -*•  0-09123. 


(b)  Compute,  using  logarithms,  3/0-2354  X  16-07  ;   {32'l5)oira  ;   (32'i5)-«'1E2. 

(c)  Explain  why  we  add  logarithms  when  we  wish  to  multiply  numbers. 

(d)  Write  down  the  value  of  sin  23°  and  cos  23°.     What  is  the  sum  of  the 

squares  of  these  ?   Explain  why  you  would  get  the  same  answer  whatever 
the  angle.  (20) 

2.  The  two  parts  (a)  and  (b)  must  both  be  answered  to  get  full  marks. 

(a)  Express  the  angle  0*3  radians  in  degrees  ;  find  from  the  tables  its  sine. 
If  x  is  in  radians  and  if 


calculate  the  sine  of  this  angle  to  four  significant  figures.  After  how 
many  terms  are  more  of  them  useless  in  this  case  when  we  only  need 
four  figures? 

[Note  that  [5_  means  1x2x3X4x5.] 

(d)  It  has  been  found  that  if  P  is  the  horse-power  wasted  in  air  friction  when 
a  disc  d  feet  diameter  is  revolving  at  n  revolutions  per  minute, 

P  =  cd*-*n*\ 

If  P  is  o'  I  when  d  ?=  4  and  n  =  500,  find  the  constant  c. 
What  is  the  diameter  of  a  disc  which  wastes  10  horse-power  in  aii 
friction  when  revolving  at  580  revolutions  per  minute  ?  (20) 

3    The  four  parts  (a),  (6),  (c),  and  (d)  must  all  be  answered  to  get  full  marks. 

(a)  A  hollow  circular  cylinder  of  length  /,  inside  radius  r,  outside  radius  R, 

write  out  a  formula  for  its  volume  V. 

If  V  =  182  cubic  inches,  /  =  7-23  inches,  r  =  2'ii  inches,  find  R. 

(b)  The  sum  of  the  areas  of  two  squares  is  92-14  square  inches,  the  sum  of 

their  sides  is  13  inches  ;  find  these  sides. 

(c)  ABC  is  a  triangle,  C  being  a  right  angle.     AB  is  9-82  inches,  the  angle  A 

is  28°.     Find  the  sides  BC  and  AC,  using  the  tables. 

(d)  The  area  of  cross-section  *  of  a  prism  is  92*30  square  inches  ;  what  is  the 

area  of  a  section  making  an  angle  of  25°  with  the  cross-section  ? 

*  The  cross-section  is  the  smallest  section.  (20) 

4.  Find  accurately  to  three  significant  figures  the  value  of  x  which  satisfies  the 
equation 

-  7-077  =  o. 


Use  squared  paper.  (30) 

5.  At  corresponding  high  speeds  of  modern  ships  of  the  same  class  if  v  is  the  speed 
in  knots,  D  the  displacement  in  tons,  P  the  indicated  horse-power,  T  the  time 
spent  in  a  particular  passage,  and  C  the  coal  consumed, 

v  oc  D&,  P  oc  D&,  T  oo  D  "*,  C  oc  D. 
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A  cross-Atlantic  steamer  of  10,000  tons  at  20  knots  crosses  in  6  days,  its 
power  being  20,000,  using  2520  tons  of  coal ;  what  must  be  the  displacement, 
the  speed,  the  power,  and  the  coal  for  a  vessel  which  makes  the  passage  in 
5  days?  (20) 

6.  There  is  a  district  in  which  the  surface  of  the  ground  may  be  regarded  as  a 

sloping  plane ;  its  actual  area  is  3*246  square  miles ;  it  is  shown  on  the  map 

as  an  area  of  2*875  square  miles  ;  at  what  angle  is  it  inclined  to  the  horizontal  ? 

Prove  the  truth  of  the  rule  which  you  use.  (20) 

7.  At  the  following  draughts  h  feet,  a  particular  vessel  has  the  following  tonnage 

T  in  the  salt-water  : — 


h 

is 

12 

9 

6-3 

T 

2IOO 

1510 

1  020 

.      590 

Try  if  there  is  an  approximate  connection  of  the  form 


and  if  so  find  c  and  «. 

If  a  cubic  foot  of  salt  water  weighs  64  Ibs.,  find  a  formula  connecting  D, 
the  displacement  in  cubic  feet,  and  A.  (30) 


8.  If 


state  what  value  of  x  will  make  y  less  than  any  other.   An  approximate  answer, 
using  squared  paper,  will  gain  as  many  marks  as  the  correct  answer.         (20) 

9,  The  following  tests  were  made  upon  a  condensing  steam  -turbine-electric-generator. 
There  are  probably  some  errors  of  observation,  as  the  measurement  of  the 
steam  is  troublesome. 


Output  in 
Kilowatts  K. 


995 


247 
o 


Weight  W  Ib.  of  steam 
consumed  per  hour. 


23,I2O 

20,O4O 

16,630 

12,560 

8,320 

4,065 


Find  if  there  is  a  simple  approximate  law  connecting  K  and  W,  and  state 
what  it  is  algebraically. 

W 

State  in  words  what  -^  means.     Call  this  w.     Express  w  in  terms  of  K. 

Calculate  w  for  K  =  looo  and  K  =  300.  (30) 

10.  At  the  time /seconds  a  body  has  mo, ed*  feet  along  its  path  from  some  fixed 
point  in  it     These  positions  have  been  found  from  a  skeleton  drawing  of 
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a   mechanism.     Find   the   average  speed   in    each  interval.     Find   also   the 
acceleration  in  the  path  at  each  instant  approximately. 


/ 

o 

O'l 

0'2 

0-3 

0-4 

o'S 

0-6 

X 

o 

4 

8-175 

12-558 

17-187 

22-094 

27-306 

(20) 

11.  Assuming  the  earth  to  be  a  sphere,  if  its  circumference  is  360  X  60  nautical 

miles,  what  is  the  circumference  of  the  parallel  of  latitude  50°  ?  What  is  the 
length  there  of  a  degree  of  longitude  ?  If  a  small  map  is  to  be  drawn  in  this 
latitude,  with  north  and  south  and  east  and  west  distances  to  the  same  scale, 
and  if  a  degree  of  latitude  (which  is  of  course  60  miles)  is  shown  as  10  inches, 
what  distance  will  represent  a  degree  of  longitude  ?  (20) 

12.  There  is  curve  y  =  2  +  0-15**. 

Prove  that  for  any  value  of  x  the  slope  of  the  curve  or  -,-  is  0*3*.        (30) 

ax 


STAGE  3. 
Answer  Questions  No.  I,  No.  2,  and  No.  3,  and  five  others. 

1.  The  three  parts  (a),  (b),  and  (c)  must  all  be  answered  to  get  full  marks : — 

(a)  Compute  by   contracted   methods   to  four   significant   figures  only,    and 
without  using  logarithms, 

0*03405  X  0-9123,  and  34-05  •*•  0-09123. 
(d)  Compute,  using  logarithms, 

(2-354  X  r6o7p15;  and  (32-1 5)-° 15a. 
(t)  Write  down  the  values  of 

sin  107°  ;  cos  148°  ;  tan  250°.  (30) 

2.  There  are  two  formulae  used  to  calculate  ^  : 

t 

*=    °g<273' 
which  is  only  approximate  ; 

y-i  I-  -  503/J  +  0-0902, 


=  1-0565  log,— -f  9  X  io-' 


which  is  correct. 

If  /  =  6  +  273  when  0  =  53,  find  the  two  answers;  what  is  the  percentage 
error  in  using  the  approximate  formula?  (30) 

8.  The  three  parts  (a),  (V),  and  (c)  must  all  be  answered  to  get  full  marks : — 
(a)  Prove  that 

sin  (A  +  B)  =  sin  A  cos  B  +  cos  A  sin  B. 

You  may  take  the  simplest  case,  where  A  +  B  is  less  than  a  right  angle. 
Illustrate  the  truth  of  this  arithmetically  when  A  =  35°  and  B  =  27°, 
using  your  tables. 


Examination  Papers 


421 


(b)  Prove  that  in  a  triangle  whose  sides  a,  b  contain  between  them  the  angle 

C  the  area  is 

\  ab  sin  C. 

There  is  a  quadrilateral  ABCD  ;  A  and  C  being  opposite  corners.  If 
AB  is  16*23  feet,  AC  25-4  feet,  AD  12-09  ^eet  '•>  ^  tne  angle  BAG  is 
41°,  and  the  angle  CAD  is  35°,  find  the  area  of  the  quadrilateral. 

(c)  If  P  is  the  present  value  of  an  annuity  A,  the  first  payment  being  due  I 

year  from  now,  the  last  at  the  end  of  the  «th  year  from  now,  the  rate  of 
interest  on  money  being  at  r  per  cent,  per  annum  ;  then 


>-*{-(« +=J 


If  the  present  value  of  an  annuity  of  £6$  is  ,£627  and  r  is  3^  per  cent, 
per  annum,  what  is  the  supposed  number  of  years'  duration  of  the 
annuity  ?  (30) 

4.  Find  accurately  to  three  significant  figures  the  value  of  x  which  satisfies  the 
equation 


log™  x  =  2-359. 


(30) 


5.  At  corresponding  high  speeds  of  modern  ships  of  the  same  class,  if  v  is  the  speed 

in  knots,  D  the  displacement  in  tons,  P  the  indicated  horse-power,  T  the 
time  spent  in  a  particular  passage,  and  C  the  coal  consumed, 

v  <x  D$,  P  oc  D?w*,  C  oc  PT, 

show  how  P,  T,  and  C  depend  upon  D  alone. 

A  cross-Atlantic  steamer  of  10,000  tons  at  20  knots  crosses  in  6  days,  its 
power  being  20,000,  using  2520  tons  of  coal ;  what  must  be  the  displacement, 
the  speed,  the  power,  and  the  coal  for  a  vessel  which  makes  the  passage  in 
5  days  ?  (30) 

6.  Three  planes  of  reference  mutually  perpendicular  meet  in  the  lines  OX,  OY, 

OZ.  The  line  OP  is  6'2  inches  long  ;  it  makes  an  angle  of  62°  with  OX  and 
43°  with  OY.  Call  the  projections  of  OP  upon  OX,  OY,  and  OZ  by  the 
names  x,  y,  and  z  and  calculate  their  amounts,  taking  the  positive  value  in  the 
case  of  «.  What  angle  does  OP  make  with  OZ  ? 

The  plane  containing  OZ  and  OP  makes  an  angle  <f>  with  the  plane  contain- 
ing OZ  and  OX,  what  is  this  angle  ?  (30) 

7.  In  a  certain  vessel  it  happens  to  be  true,  within  certain  limits,  that 

V  =  I200/41'" 

where  h  is  the  vertical  draught  in  feet  and  V  is  the  displacement  in  cubic  feet. 
If  A  is  the  area  in  square  feet  of  a  horizontal  section  on  the  water-level,  express 
A  in  terms  of  h. 

If  /  and  b  are  the  length  and  greatest  breadth  of  the  section  and  if  A  =  nib 
where  n  is  a  constant  fraction,  show  that  V  =  mlbh  where  m  is  a  constant 
fraction.  (40) 

8.  The  following  tests  were  made  upon  a  condensing-steam-turbine-electric-generator. 

There  are  probably  some  errors  of  observation,  as  the  measurement  of  the 
steam  is  troublesome : 


Output  in  Kilowatts  K 

1190 

995 

745 

498 

247 

0 

Weight  W  Ib.  of  steam 
consumed  per  hour  . 

23,120 

20,040 

16,630 

12,560 

8320 

4065 
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Find  if  there  is  a  simple  approximate  law  connecting  K  and  W. 
The  electric  power  goes  some  distance  to  drive  a  factor}',  and  it  is  found  by 
trial  that  when  Y  yards  of  stuff  are  being  woven  per  hour 

K  =  48  +  0-45  Y. 

Express  W  in  terms  of  Y. 

State  the  meaning  of  W/Y  in  words,  and  find  its  values  when  Y  is  2000  and 
when  Y  is  500.     What  lesson  ought  to  be  drawn  from  this  ?  (30) 

9.  A  quantity  y  is  a  function  of  x,  what  do  we  mean  by  ~t  Illustrate  your 
meaning,  using  a  curve.  Illustrate  your  meaning  by  considering  a  body 
which  has  moved  through  the  space  s  in  the  time  /.  What  is  -£-  in  the 
following  cases  :  — 

y  =  a  +  bx  +  ex*  +  gx",  y  —  a  log  x,  y  —  ae1*,  y  =  a  sin  (bx  +  c). 

(40) 

10.  Find  the  area  of  the  curve 

y  =  a  +  by? 

from  the  ordinate  at  x  —  o  to  the  ordinate  at  x  =  m.  If  «  is  2  '5,  and  a  is  o, 
and  if  the  curve  passes  through  the  point  (x  =  5,  y  =  4),  find  b.  What  is  the 
area  of  the  curve  from  the  ordinate  at  x  —  o  to  the  ordinate  x  =  5  ?  (40) 

11.  Divide  a  number  a  into  two  parts  so  that  twice  the  square  of  one  part  plus  three 

times  the  square  of  the  other  shall  be  a  minimum. 

How  do  you  know  that  you  have  found  a  minimum  value  ?  (30) 

12.  In  the  atmosphere,  if/  is  pressure  and  h  height  above  datum  level,  if 


where  c  and  7  are  constants,  and  if 


dh~ 

find  an  equation  connecting  /  and  A. 

What  is  the  above  c  if  /  =  /a>R  ?    Assume  /  =  /„  and  t  =  /,  where  h  =  o. 
R  is  a  known  constant  for  air. 

Find  the  equation  connecting  A  and  t.  (50) 

13.  The  following  values  of  y  and  x  being  given,  tabulate  2-  and,y  .  Sx  in  each 

interval,  and  A  or  the  sum  of  such  terms  as  y  .  Sx.     Of  course  A  is  the 
approximate  area  of  the  curve  whose  ordinate  is_^. 


y 

0 

O'l 

0'2 

0'3 

0'4 

o-5 

0-6 

0-7 

0-8 

0-9 

X 

o 

0-1736 

0-3420 

0-5000 

0-6428 

0-7660 

0-8660 

0-9397 

0-9848 

I'OOOO 

(4°) 
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1905- 
STAGE  2. 

Answer  Questions  No.  I,  No.  2,  No.  3,  and  five  others. 

1.  The  four  parts  (a),  (b\  (c),  and  (</)  must  all  be  answered  to  get  full  marks. 

(a)  Compute  by  contracted  methods  to  four  significant  figures  only,  and  without 
using  logarithms, 

0-01239  x  5-024  and  0^5024  -i-  0-01239. 
(6)  Compute,  using  logarithms, 


;  26-O71'1*  ; 

(e)  Explain  why  we  subtract  logarithms  when  we  wish  to  divide  numbers. 

(</)  Write  down  the  values  of  the  sine,  cosine,  and  tangent  of  37°.  Explain, 
from  the  definitions,  why  sin  37°  -i-  cos  37°  =  tan  37°.  Try  by  division 
if  this  is  so.  (20) 

2.  The  four  parts  (a),  (b),  (c),  and  (d)  must  all  be  answered  to  get  full  marks. 

(a)  Using  the  tables,  find  the  number  of  which  o'2  is  the  Napierian  logarithm. 


calculate  f  when  x  =  0*2,  to  three  decimal  places. 

After  how  many  terms  are  more  of  them  useless  in  this  case  where  we 
only  need  three  decimal  places  ? 

[Note  that  |jj_means  1x2x3x4x5.] 
(t)  Express 

0-5*  +  14-09 
x*  —  3-5*  —  10-26 

as  the  sum  of  two  simpler  fractions. 
(f)  The  sum  of  two  numbers  is  12*54,  and  the  sum  of  their  squares  is  81*56  : 

find  the  numbers. 
(d)  ABC  is  a  triangle,  C  being  a  right  angle.     The  side  EC  is  12-4  feet,  and 

the  angle  A  is  65°  :  find  the  other  sides  and  angle,  using  the  Tables. 

(20) 

3.  x  and  /  are  the  distance  in  miles  and  the  time  in  hours  of  a  train  from  a  railway 
station.  Plot  on  squared  paper.  Describe  clearly  why  it  is  that  the  slope  of 
the  curve  shows  the  speed.  Where  is  the  speed  greatest,  and  where  is  it 
least? 


X 

o 

O*I2 

0-5 

1*52 

2*50 

2-92 

3-05 

3-05 

3-17 

3'5Q 

3-82 

t 

0 

0*05 

0*10 

0-15 

0*20 

0*25 

0*30 

0-35 

0-40 

0-45 

0*50 

(20) 


4.  Find  x  in  degrees  approximately  if 

3  sin  x  +  2  cos  x  —  3*4. 

For  what  value  of  x  is 

3  sin  x  +  2  cos  x 

a  maximum  ?     You  may  use  squared  paper. 


(28) 
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5.  The  net  yearly  profit  P  of  a  railway  may  be  represented  by 

P  =  bx  +  cy 

where  x  is  the  gross  yearly  receipt  from  passengers,  and_y  from  goods;  b  and  i 
being  constant  numbers. 

When  x  =  520000  and  y  —  220000,  P  was  330000. 
And  at  a  later  period 

when  x  =  902000  and  y  =  700000,  P  was  603000. 

What  will  probably  be  the  value  of  P  when  x  =  loooooo  and  when_y  = 
800000  ?  (20) 

6.  In  steamships,  c  =  D'z/  -«- 1,  where  D  is  the  displacement  in  tons,  v  the  speed  in 

knots,  I  the  indicated  horse-power.  Now  c  is  not  the  same  for  a  ship  at  all 
speeds,  but  it  is  nearly  the  same  for  two  similar  ships  at  corresponding  speeds. 
Corresponding  speeds  are  as  the  sixth  root  of  the  displacements.  Find  c  from 
each  of  the  following  actual  measurements  made  on  a  ship  of  9764  tons. 
Tabulate  the  corresponding  speeds  for  a  ship  of  12000  tons,  and  calculate  and 
tabulate  the  horse-power  at  each  speed. 


Speed  in  knots      .... 

10-8 

I4'33 

Indicated  horse-power    .     . 

1830 

4720 

(28) 

7.  State  Simpson's  rule.  An  area  is  divided  into  ten  equal  parts  by  eleven  equi- 
distant parallel  lines  o-2  inch  apart,  the  first  and  last  touching  the  bounding 
curve ;  the  lengths  of  these  lines  or  ordinates  or  breadths  are,  in  inches  : — 

o,  1-24,  2-37,  4-10,  5-28,  476,  4-60,  4-36,  2-45,  1-62,  o. 
Find  the  area  in  square  inches.  (20) 

8. 

x  =  a(<p  —  sin  ((>) 
y  =  a(l  —  sin  <£>) 

Take  a  =  10.     Calculate  the  values  of  x  and  y  for  the  following  values 
of  <p  :— 


''  6'  4'  3 

Plot  points  whose  co-ordinates  are  these  values  of  x  and  y,  on  squared 
paper,  and  draw  a  curve.  (28) 

8.  When  Q  cubic  feet  of  water  flows  per  second  through  a  sharp-edged  rectangular 
notch  L  feet  long,  the  height  of  nearly  still  water  above  the  sill  being  II  feet, 

Q  a  (L  -  JH)H* 

Now,  a  bad  formula  is  sometimes  used  which  assumes 
Q  ocLH*. 

Show  that  for  a  given  L,  although  a  constant  may  be  used  to  give  a  correct 
answer  for  one  value  of  H,  it  must  give  incorrect  answers  for  other  values 
of  H.  (28) 

10.  A  vessel  is  shaped  like  the  frustum  of  a  cone  ;  the  circular  base  is  10  inches 
diameter  ;  the  top  is  5  inches  diameter  ;  the  vertical  height  is  8  inches.     What 
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is  the  height  of  the  imaginary  vertex  ?  If  x  is  the  height  of  the  surface  of  a 
liquid  from  the  bottom,  plot  a  curve  showing  for  any  value  of  x  the  area  of  the 
horizontal  section  there. 

Find  from  this  the  whole  volume  of  the  vessel  in  cubic  inches. 

[Candidates  will  notice  that  if  d  is  the  diameter  of  the  circular  area,  it  is  only 


necessary  to  plot  </*.] 
11.  There  is  a  curve 


=r$  +Q-OSX* 


dy  . 

J         1C 


Prove  that  for  any  value  of  x,  the  slope  of  the  curve  or   •:    is  O'IJT, 
12.  Find  accurately  to  three  significant  figures  one  value  of  x  for  which 


x  -{ 270  = 


(28) 


(28) 


(28) 


13.  The  total  cost  C  of  a  ship  per  hour  (including  interest  and  depreciation  on 

capital,  wages,  coal,  etc.)  is,  in  pounds, 

C  =4  +  — 
icoo 

where  j  is  the  speed  in  knots  (or  nautical  miles  per  hour). 
The  time  in  hours  spent  in  a  passage  of,  say,  3000  miles  is 

3000  -r  J 

so  that  the  total  cost  of  the  passage  is  this  time  multiplied  by  C.     Express 
this  algebraically  in  terms  of  j. 

Find  what  this  amounts  to  for  various  speeds.     For  what  speed  is  it  a 
minimum  ?  (28) 

14.  The  model  of  a  ship,  when  being  drawn  at  the  following  speeds  v  (in  feet  per 

minute),  offered  the  following  resistances  R  (in  pounds)  to  motion : — 


V 

233- 

287 

347 

406 

466 

525 

588 

646 

R 

I  -08 

176 

2-93 

4-26 

6'33 

9-52 

1274 

15-16 

It  is  to  be  remembered  that  there  are  small  errors  in  such  measurements. 
If  we  assume  a  law  like  R  =  ov",  find  n  for  the  smallest  and  highest  speeds. 
For  what  value  of  v  does  »  seem  at  its  greatest  ? 
[Suggestion,  plot  log  R  and  log  v  on  squared  paper.]  (28) 


STAGE  3. 
Answer  Questions  No.  I,  No.  2,  No.  3,  and  five  others. 

1.  The  four  parts  (a),  (6),  (c),  and  (d)  must  all  be  answered  to  get  full  marks  :  — 
(a)  Compute  by  contracted  methods  to  four  significant  figures  only, 


and 


0*01239  X  0*5024 
0-12394-50-24 


(b)  Compute,  using  logarithms, 
and 


(0-9415  X 
(0-9415  x  2-304) 
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(c)  Why  do  we  multiply  the  logarithm  of  a  by  b  to  find  the  logarithm  of  ab  ? 

(d)  Write  down  the  values  of 

sin  254°,  cos  124°,  tan  193°,  sin"1  (0*2250),  cos"1  (-0-8192), 
tan~i  (—4-0108). 

Only  one  value  to  be  given  in  each  of  the  last  three  cases.  (30) 

2.  The  three  parts,  (a),  (b),  and  (c)  must  all  be  answered  to  get  full  marks  :  — 
(a)  A  quantity  .y  is  a  function  of  x  :  what  do  we  mean  by 


Illustrate  your  meaning,  using  a  curve. 

Illustrate  your  meaning  by  considering  the  speed  of  a  body  which  has 
passed  through  the  space  s  in  the  time  /. 

(t)  Show  that  if  A  is  the  area  of  a  curve  from  some  standard  ordinate  to  the 
ordinate  y  corresponding  to  the  co-ordinate  x,  then 

dK 

y  =  dx-' 

Hence  to  find  A  we  merely  find  that  function  of  x  of  which  y  is  the 
differential  coefficient. 

(c)  If  A  is  the  area  of  the  surface  of  water  in  a  pond  when  the  depth  on  a 
given  vertical  is  xt  and  if  v  is  the  volume  of  water,  then 


- 

dx 


Prove  this. 


(30) 


3.  Define  the  scalar  product  and  the  vector  product   of  two   vectors.     Give  an 

illustration  of  each  of  these  from  any  part  of  physical  science,  i  (30) 

4.  The  cost  C  of  a  ship  per  hour  (including  interest  and  depreciation  on  capital, 

wages,  coal,  etc.)  is  in  pounds 

C  =  4+  — 

1000 

where  s  is  its  speed  in  knots  relatively  to  the  water. 

Going  up  a  river  whose  current  runs  at  5  knots,  what  is  the  speed  which 
causes  least  total  cost  of  a  passage  ?  (42) 

5.  In  the  curve 

y  =  a  +  bx* 
\iy  =  I '62  when  x  =  I 
and_y  =  5-32  when  x  =  4 
find  a  and  b. 

Let  this  curve  rotate  about  the  axis  of  x. 

Find  the  volume  enclosed  by  the  surface  of  revolution  between  the  two 
sections  at  x  =  i  and  x  —  4.  (42) 

8y 

6.  The  following  values  of  y  and  x  being  given,  tabulate  -^-  and  y .  Sx  :i  each 

interval.    If  y .  Sx  be  called  8A,  tabulate  the  values  of  A  if  A  is  o  where 
x  =  o. 


X 

o 

O'l 

0'2 

0-3 

0-4 

o-5 

0-6 

0-7 

0-8 

0-9 

y 

1-428 

1-561 

1-691 

1-820 

i  '947 

2-07I 

2-193 

2-314 

2-431 

2*547 

(42) 
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To  facilitate  tabulation,  it  will  be  found  convenient  to  change  these  rows 
iuto  columns. 

7.  What  is  Simpson's  rule  ?    A  circle  is  drawn  of  8  inches  diameter.    The  diameter 

is  divided  into  eight  equal  parts,  and  ordinates  are  drawn  at  right  angles  to 
the  diameter.     Calculate  the  lengths  of  these  ordinates,  using  the  tables,  and 
tabulate  them.     Using  Simpson's  rule,  find  the  area  of  the  circle. 
This  answer  is  in  error  :  what  is  the  percentage  error  ?  (42) 

8.  Find  x  in  degrees  if 

3  sin  x  +  2  cos  x  =  3*4 

x  is  supposed  to  be  an  acute  angle.     How  many  answers  are  there  ? 
Find,  using  the  Calculus,  for  what  value  of  x  is 

3  sin  x  +  2  cos  x 
a  maximum  ?  (42) 

9.  The  following  values  of/  and  0  being  given,  find 

-f  whenfl  =  115. 


IOO 

105 
no 

"5 
1 20 
125 
130 


14-70 

I7-53 
20-80 

24-54 
28-83 

33-71 
39-25 


(42) 
10.  If 

x  =  a  sin//  +  b  cos// 

for  any  value  of  /  where  a,  6,  and  /  are  mere  numbers,  show  that  this  is  the 
same  as 

x  —  A.  sin  (ft  +  f) 

if  A  and  f  are  properly  evaluated. 


and  if 

C  =  100  sin  6oo/ 


R  being  2  and  L  being  0*005, 
What  is  the  lag  of  C  in  degrees  behind  V  ?  (42) 

11.  A  vessel  is  shaped  like  the  frustum  of  a  cone  ;  the  circular  base  is  10  inches 

diameter  ;  the  top  is  5  inches  diameter  ;  the  vertical  height  is  8  inches.  If  x 
is  the  height  of  the  surface  of  a  liquid  from  the  bottom,  express  d  the  diameter 
there  in  terms  of  x  ;  express  A  the  horizontal  area  there  in  terms  of  x  ; 
express  V  the  volume  of  the  liquid  in  cubic  inches,  in  terms  of  x.  (42) 

12.  Water  leaves  a  circular  basin  very  slowly  by  a  hole  at  the  bottom,  every  particle 

describing  a  spiral  wh  ch  is  very  nearly  circular.     Let  v  be  the  speed  at  a  point 
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whose  distance  from  the  axis  is  r,  and  height  above  some  datum  level  h, 
Assume  no  "  rotation  "  or  "  spin,"  that  is 


and  show  that  this  means 


-T  I  =  O 


where  t  is  some  constant. 
Now,  at  the  atmospheric  surface 

z/2 
2g+k=:C 

where  C  is  a  constant. 

Find  from  this  the  shape  of  the  surface,  that  is  the  law  connecting  r  and  A. 

(42) 

13.  The  model  of  a  ship,  when  being  drawn  at  the  following  speeds  v  (in  feet  per 
minute),  offered  the  following  resistances  R  (in  pounds)  to  motion  : — 


V 

179 

220 

259 

301 

321 

34i 

361 

R 

178 

276 

4'oi 

5'69 

6-39 

8-19 

11-39 

There  are  small  errors  in  such  measurements. 

Assume  a  law  R  oc  vn,  and  describe  how  »  changes.  What  is  its  greatest 
value  ?  Show  that  when  v  increases  by  a  small  percentage,  R  increases  by  « 
times  this  percentage.  (42) 

14.  The  indicated  horse-powers  of  the  engines  of  similar  ships  similarly  loaded  may 
be  taken  to  be  proportional  to  the  ijth  power  of  the  displacements  at 
corresponding  speeds. 

Corresponding  speeds  are  as  the  sixth  roots  of  the  displacements.  The 
following  measurements  were  made  at  different  speeds  of  a  vessel  of  1000  tons 
(the  United  States  s.  Manning}.  Find  the  horse-power  at  the  corresponding 
speeds  of  a  vessel  of  5000  tons  :  state  and  tabulate  these  speeds. 


Speed  in  knots    

6 

II 

16 

Indicated  horse-power  .     .     . 

too 

486 

2181 

(42) 
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1908. 

STAGE  2. 

You  must  not  attempt  more  than  eight  questions  in  all,  and  of  these  Nos.  I,  2, 
and  3  must  be  three  ;  that  is  to  say,  you  are  allowed  to  take  not  more  than  five 
questions  in  addition  to  Nos.  'I,  2,  and  3. 

1.  The  four  parts  (a),  (6),  (c),  and  (d)  must  all  be  answered  to  get  full  marks  :  — 

(a)  Without    using    logarithms,   compute    by    contracted    methods    to    four 
significant  figures 

9^325  X  0*02056   and   9*325  ~-  0-02056. 
(l>)  Using  logarithms,  compute 

(6-345  *  o-j.075)*-5  -*-  (0-00374  X  96'37)J. 

(c)  Extract  the  cube  roots  of 

20760,  207-6,  0*02076,  0-002076. 

(d)  The  side  of  a  square  is  3  yards  I  foot  9]  inches  •  find  the  area  of  the  square 

in  square  feet.  (22) 

2.  The  four  parts  (a),  (6),  (t),  and  (d)  must  all  be  answered  to  get  full  marks  :  — 

(a)  The  difference  of  x  and  y  is  3-14  ;  the  sum  of  x1  and  y*  is  140;  find  x 


_ 

(l>)  The  inside  of  a  hollow  copper  sphere  is  filled  with  water  whose  weight  is 
10  Ibs.  ;^  what  is  the  inside  radius  ?  If  the  weight  of  the  copper  is  30  Ibs., 
what  is  its  thickness  ?  A  cubic  inch  of  copper  weighs  0*32  Ib. 

(c)  ABD  is  a  right-angled  triangle,  B  being  the  right  angle.     BC  is  perpen- 

dicular to  the  side  ACD.     The  angle  A  is  56°,  BC  is  10  inches  ;  find 
the  lengths  of  AC  and  CD. 

(d)  What  are  the  factors  of  x*  -  8-92*  +  18-37  ?  (22) 

3.  The  three  parts  (a),  (<$),  and  (c)  must  all  be  answered  to  get  full  marks  :  — 

(a)  If  y  =  ax1  -46  +  for2-5  ;  if  y  =  6-3  when  x  =  i,  and  if  y  =133  when  x  =  2, 

find  a  and  b. 
(Z>)  20  Ibs.  of  bronze  contains  87  per  cent,  of  copper,  13  per  cent,  of  tin.     With 

how  much  copper  must  it  be  melted  to  obtain  a  bronze  containing  10  per 

cent,  of  tin? 


(c)  If  -  =  e/^  and  if  p  =  0*25,  Q  =  3,  find  x/y. 
find  x  and  y. 


It  is  known  that  x  —y=  1000, 
(22) 

4.  If  *  means  V  —  i,  write  down  the  values  of  **,  **,  *4,  z5,  *".     Find  >Jij  +  30;, 

«y/j  I  -T-  \/71     Each  of  the  answers  is  like  a  +  bi  where  a  and  b  are  numbers. 

(28) 

5.  x  is  distance  measured  along  a  straight  line  AB  from  the  point  A  ;  the  values  of 

y  are  offsets  or  distances  in  links  measured  at  right  angles  to  AB  to  the  border 
of  a  field.     Find  the  average  breadth  from  AB  to  the  border  of  the  field 
.    between  the  first  and  last  offset.     Notice  that  the  intervals  in  x  are  not  equal. 


X 

0 

1-50 

3-00 

5-00 

7-50 

9-00 

y 

0-53 

0-47 

0-40 

0-42 

0-46 

0*52 

(26) 

6.  There  is  a  root  of  x3  —  iox*  +  40*  —  35  =  o  which  lies  between  I  and  2  ;  find 
it,  correct  to  three  significant  figures.  (26) 
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7.  The  following  numbers  give  x  feet  the  distance  of  a  sliding  piece  measured  along 
its  path  from  a  certain  point  to  the  place  where  it  is  at  the  time  /  seconds  • 
what  (approximately)  is  its  acceleration  at  all  the  tabulated  times  except  the 
first  and  last  ?  Show  in  a  curve  how  the  acceleration  depends  upon  /. 


X 

I'OOO 

2-736 

4-420 

6-OOO 

7-428 

8-660 

9  '660 

10-397 

10-848 

irooo 

t 

0 

O'l 

0-2 

o-3 

0"4 

0-5 

0-6 

0-7 

0-8 

0-9 

(26) 

8.  The  following  numbers  give  v  the  speed  of  a  train  in  miles  per  hour  at  the  time 
/  hours  since  leaving  a  railway  station.  In  each  interval  of  time,  what  is  the 
distance  passed  over  by  the  train  ? 


V 

o 

2-4 

47 

7-2 

9-6 

I2'O 

I4-3 

t 

O'OO 

0-4 

0-8 

O'I2 

o'i6 

O'2O 

0-24 

Contimted. 

V 

16*9 

18-9 

20*7 

22'2 

*3-4 

24'3 

24-9 

t 

0-28 

0-33 

0-36 

0*40 

0-44 

0-48 

0*52 

At  each  of  the  times  tabulated,  what  is  x  the  distance  from  the  station? 
Tabulate  your  answers.  (26) 

9.  Find  the  area  of  the  parabola  y  =  a  +  bx  +  ex*  between  the  ordinate  at  x  =  a 
and  the  ordinate  at  x  =  0.     If  a  =  —  A  and  ft  =  A,  what  is  the  answer  ? 

(22) 

10.  The  parabola  y  —  a  +  bx  +  c x*  passes  through  three  points  whose  co-ordinates 

are  —  A,  yl  ;  o,  yt ;  h,  yt.     Insert  these  values,  and  find  a,  t>,  and  c  in  terms  of 
the  quantities,  ylt  y%,  yt  and  h.  (22) 

11.  The  following  quantities  measured  in  a  laboratory  are  thought  to  follow  the  law 

y  =  ab~x.    Try  if  this  is  so,  and,  if  so,  find  the  most  probable  values  of  a  and 
b.     There  are  errors  of  observation. 


X 

O'l 

O'2 

0'4 

0-6 

ro 

rs 

2-0 

y 

350 

3I6 

1  2O 

63 

12-86 

2-57 

0-425 

(26) 

12.  The  equilibrium  position  for  a  certain  governor  is  that  a  ball  should  be  at  a 
certain  distance  r  from  an  axis  about  which  it  revolves,  when  the  centrifugal 
force  is  equal  to 

200  +  8o/4 


where  h  =  s/2'2$  —  r*. 

Now  a  certain  mathematical  investigation  becomes  too  complex  if  this  law 
is  used,  whereas  it  is  known  that,  if  the  centrifugal  force  were  equal  to  br  —  a 
where  a  and  b  are  mere  numbers,  the  investigation  would  be  easy.  Find  if 
there  is  approximately  such  a  law  within  the  limits  r  =  0*5  and  r  —  0*7,  and 
what  is  the  maximum  error  in  making  such  an  assumption  ?  (26) 
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13.  One  of  the  three  premium  systems  used  in  workshops  is  this  : — 

If  H  is  the  number  of  hours  usually  allowed  for  a  job ;  the  man  does  it  in 
less  time,  say,  A  hours.  The  usual  pay  in  the  shop  is  /  pence  per  hour  ;  the 
premium  paid  to  the  man  is 

p  _  (H  -  Kip 

~~2.         ' 
and  he  is  also  paid  hp.   , 

If  r  pence  per  hour  is  the  cost  of  tools  and  share  of  total  shop  charges,  the 
master  would  have  paid  H(/  +  r)  for  the  job.  He  now  pays  P  +  h(p  +  r). 

If  H  is  20  and  /  is  ro  and  r  is  4,  find  the  total  payment  to  the  man  for  the 
job  and  by  the  hour,  and  also  the  saving  to  the  master  on  the  job  ;  tabulate 
your  answers  for  the  following  values  of  A  :  20,  15,  10.  (28) 

STAGE  3. 

You  must  not  attempt  more  than  eight  questions  in  all,  and  of  these  No.  i  must 
be  one  ;  that  is  to  say,  you  are  allowed  to  take  not  more  than  seven  questions  in 
addition  to  No.  I. 

1.  The  four  parts  (a),  (b),  (<•),  and  (d)  must  all  be  answered  to  get  full  marks. 

(a)  Without  using  logarithms,  compute  by  contracted  methods  so  that  four 

significant  figures  shall  be  correct,  9-325  x  0-02056  and  9-325  -*•  0-02056. 

(b)  Using  logarithms,  compute 

(5-603  X  o:o5723)-s'^. 

(c)  Write  down  the  values  of 

sin  207°,  cos  123°,  tan  325°. 

(d)  Express 

(ix  +  1-38);  (*»  +  1-38*  -  24-6) 
as  the  sum  of  two  simpler  fractions.  (33) 

2.  Find,  with  three  significant  figures  accurate,  a  root  of 

5  J  +  x  logla*  -  4-82  =  o.  (33) 

3.  The  following  tests  were  made  on  a  steam  electric-generator ;  W  is  weight  of 

steam  in  pounds  used  per  hour  ;  K  is  the  output  in  kilowatts  : — 


K 

3942 

•3105 

1907 

910 

W 

80,400 

68,100 

50,200 

35>!°o 

Find  if  there  is  a  simple  approximate  law  connecting  W  and  K.     State 
the  meaning  of  W/K  in  words ;  call  it  w.     Express  w  in  terms  of  K. 

(33) 
4.  By  tabulation  give,  approximately,  a  table  of  values  of 


-^  and  I  y  .  dx 
dx        J 

if  the  following  values  of  x  and  y  are  given  : — 


X 

o 

O'OI 

0'O2 

0*03 

O'04 

O-05 

0-06 

0-07 

0-08 

0-09 

y 

1-2679 

1-3640 

I  -4663 

1-5774 

I-7002 

I-839I 

2-OOOO 

2-1918 

2-4281 

2-7321 

(33) 

5.  If  r  is  the  radius  of  a  heavenly  body  E,  /  the  distance  of  another  heavenly  body 
M,  of  mass  m,  from  E's  centre.  Then  m  /  (I  +  rY  and  m  1(1  —  r)*  are  the 
accelerations  towards  M  at  points  on  E  farthest  from  and  nearest  to  M.  The 
tide  producing  actions  at  these  points  are  their  differences  from  mjP  which  is  the 
acceleration  at  E's  centre  ;  prove  that  the  tide  producing  effect  of  M  is  inversely 
proportional  to  the  cube  of  the  distance  when  /is  large  compared  with  r.  (33) 
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6.  If 

M      ePy        ,  dM.       c        ,  <tS 

—  =  -A,  and  —r-  =  S,  and  -7-  =  w. 

*•        asr1          dx  dx 

Let  w  be  a  constant.    Find  S.    Let  S  =  W,  a  constant,  when  x  =  /.    Find 
M  and  let  M  =  o  when  x  —  I. 
<•  is  a  given  constant.     Find 

£ 
Jx* 

and  let  its  value  be  o  when  x  =  o.     Find  y  and  let  its  value  be  o  when  x  =  o. 

(33) 

7.  It 

dp 

dJt=-w 

and  if  vf  oc  /  where  ^  is  a  constant.  Find  /  in  terms  of  A.  If/  oc  a//,  express 
/  in  terms  of  A  introducing  constant.  (33) 

8.  The  total  cost  C  of  a  ship  per  hour  (including  interest,  depreciation,  wages,  coal, 

etc.)  is  in  pounds 

C  =  3-2  +  — 

2200 

where  j  is  the  speed  of  the  ship  in  knots. 

Express  the  total  cost  of  a  passage  of  3000  miles  in  terms  of  j.  What 
value  of  J  will  make  this  total  cost  a  minimum?  At  speeds  10  per  cent,  less 
and  greater  than  this,  compare  the  total  cost  with  its  minimum  value.  (33) 

9.  The  curve  y  =  a  +  t>c*  passes  through  the  three  points  x  =  o,  y  =  26'62  ;  x  =  i, 

y  —  35'7°  >  x  =  2,  y  =  49'8i  ;  find  a,  6,  and  c .  What  is  the  area  of  the  curve 
from  the  ordinate  at  x  =  o  to  the  ordinate  at  x  =  2  ?  (42) 

10.  Describe  a  method  of  finding  whether  a  given  curve  follows,  approximately,  the 

law  y  =  a  +  bx"  or  y  =  b(x  +  a)"  or  y  =  a  +  &**.  Logarithmic  paper  must 
not  be  used  ;  the  work  can  be  done  on  ordinary  drawing  paper  using  Tee  and 
set  squares.  (42) 

11.  \fy  =  a  sin  qt  and  x  =  b  sin  (qt  —  c)  where  /  is  time  and  a,  q,  b,  c  are  constants  ; 

if  q  =  2ir/T  where  T  is  the  periodic  time.  Find  the  average  value  of  xy  during 
the  time  T.  (42) 

12.  Q  being  the  rate  of  flow  of  water  per  second  over  a  sharp-edged  notch  of  length 

/,  the  height  of  the  surface  of  nearly  still  water  (some  distance  back)  above  the 
sill  being  h  ;  it  has  been  proved  that  the  empirical  formula  obtained  by  Dr. 
Francis  is  also  a  rational  formula  ;  it  is 

Qoc(/-J/0/4*/*. 
Now  an  incorrect  formula  is  sometimes  used 

Q  =  dh*». 

Show  that  for  a  given  /,  although  a  constant  c  may  be  found  which  will  give 
a  correct  answer  for  one  value  of  A,  it  must  give  incorrect  answers  for  all  other 

values  of  A^  (33)  _ 

18.  If  i  is  */—*,  write  down  the  values  of  i3,  i1,  i*,  i*.     Find  Viy  +  30*,  *//, 
I  -r-  v  f  each  in  the  shape  a  +  bi. 

If  a  +  bi  operating  upon  sin  qt  (where  t  is  the  variable  and  q  is  a  constant) 
gives  a  sin  qt  +  b  cos  qt,  find  three  answers,  the  effects  of  operating  with 
rj  «7  +  30*',  V*»  and  i  -J-  *Ji  upon  sin  qt.  (33) 

14.  Get  instructions  from  Ques.  13. 

The  voltage  applied  at  the  sending  end  of  a  long  telephone  line  being  z/0  sin 
qt,  the  current  entering  the  line  is 

/  J  +  ikq    . 
v,\/        .    .,    sin  q  t 
V     r  +  ilq 

where,  per  unit  length  of  cable,  r  is  resistance,  /is  inductance,  j  is  leakance, 
and  k  is  permittance,  or  capacity. 

If  r  =  6  ohms,  /  =  0*003  Henries,  k  =  5  X  IO~8  farads,  j  =  3  X  lo-6  Mho, 
and  if  q  =  6000,  find  the  current.  (42) 

NOTE. — Thci  2  is  a  quicker  method  of  working  than  what  is  indicated  in 
Ques.  13,  using  Dcmoivre.  You  may  use  it  if  you  please. 
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1910. 
STAGE  2. 

You  must  not  attempt  more  than  eight  questions  in  all,  including  Nos.  I,  2,  and 
3  ;  that  is  to  say,  although  I,  2,  and  3  are  not  compulsory,  you  are  not  allowed  to 
take  more  than  five  questions  in  addition  to  Nos.  I,  2,  and  3. 

1.  The  four  parts  (a),  (6),  (c)j  and  (d)  must  all  be  answered  to  get  full  marks  : — 

(a)  Without  using  logarithms,  compute  by  contracted  methods  to  four  sig- 
nificant figures 

5-306  X  0-07632  -T-  73-15. 
(3)  Using  logarithms,  compute 

(22-15  ^-4'i39)088- 

(c)  The  value  of  gt  the  acceleration  (in  centimetres  per  second  per  second) 

due  to  gravity  in  latitude  /  is  (approximately) 

980-62  —  2'6  cos  2/. 
Calculate  this  for  the  latitude  52°. 

(d)  The  gunners'  rule  is  that  one  halfpenny  (the  diameter  of  a  halfpenny  is 

one  inch)  subtends  an  angle  of  one  minute  at  the  distance  of  100  yards. 
What  is  the  percentage  error  in  this  rule  ?  (26) 

2.  The  four  parts  (a),  (&),  (c),  and  (d)  must  all  be  answered  to  get  full  marks  : — 

(a)  A  hollow  cylinder  of  outside  diameter  D  and  radial  thickness  /  is  of 
length  /.  What  is  its  volume?  If  D  is  4  inches  and  t  =  O'5  inch,  if 
the  volume  is  .20  cubic  inches,  find  /. 

(6)  Two  similar  ships  A  and  B  are  loaded  similarly.  B  is  twice  the  length  of 
A.  The  wetted  area  of  A  is  12,000  square  feet,  and  its  displacement 
1500  tons.  State  the  wetted  area  and  displacement  of  B. 

(c)  The  cross-section  of  a  stream  divided  by  the  wetted  perimeter  of  the 

channel  in  which  it  flows  is  called  its  hydraulic  mean  depth.  What 
are  the  hydraulic  mean  depths  when  water  flows  in  a  pipe  of  diameter 
d  (i)  when  the  water  fills  the  pipe,  (ii)  when  it  only  half  fills  the  pipe  ? 

(d)  What  is  the  number  of  which  0-6314  is  the  Naperian  logarithm  ?        (26) 

3.  The  three  parts  (a),  (b),  and  (c)  must  all  be  answered  to  get  full  marks  : — 

(a)  If  xyn  —  a  ;  if  x  is  5  when  y  is  10,  and  if  x  is  II  when^  is  8,  find  «  and  a, 

What  is  the  value  of  y  when  x  is  7  ? 

(b)  The  velocity  of  sound  in  air  is  66'3*/t  feet  per  second  where  /  is  the 

absolute  temperature  Centigrade,  that  is  the  ordinary  temperature 
plus  273.  What  is  the  fractional  change  of  velocity  where  the  tem- 
perature alters  from  10°  C.  to  15°  -C.  ? 

(t)  Assuming  the  earth  to  be  a  sphere  of  8oco  miles  diameter,  what  is  the 
circumference  of  the  parallel  of  latitude  52°  ?  The  earth  makes  one 
revolution  in  24  hours  (approximately)  ;  what  is  the  speed  at  latitude 
52°  in  miles  per  hour  ?  (26) 

4.  There  is  a  natural  reservoir  with  irregular  sides.    When  filled  with  water  to  the 

vertical  height  h  feet  above  the  lowest  point,  the  following  is  the  area  A  of 
the  water  surface  in  thousands  of  square  feet :— 


h 

o 

5 

10 

20 

30 

42 

So 

65 

75 

A 

o 

220 

322 

435 

505 

560 

586 

617 

624 

Find  the  average  value  of  A  between  h  =  10  and  h  =  65. 
What  is  A  when  h  is  36  ?     Find  the  volume  of  water  which  would  raise 
the  surface  from  h  =  35^  to  h  =  36^.  (22) 

5.  The  energy  stored  in  similar  fly-wheels  is  E  =  <*</*«*,  where  d  is  the  diameter 
and  n  the  revolutions  per  minute ;  a  is  a  constant.     A  wheel  whose  diameter 

2  F 
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is  5  feet,  revolving  at  100  revolutions  per  minute,  stores  18,500  ft.-lbs. :  find  a. 
What  is  the  diameter  of  a  similar  fly-wheel  which  will  increase  its  store  by 
10,000  ft.-lbs.  when  its  speed  increases  from  149  to  151  revolutions  per 
minute?  (22) 

6.  There  is  a  root  of  Xs  +  5*  —  1 1  =  o  between  I  and  2  :  find  it,  using  squared 

paper,  accurately  to  four  significant  figures.  (22) 

7.  A  steamer  is  moving  at  20  feet  per  second  towards  the  east ;  the  passengers 

notice  that  the  smoke  from  the  funnel  streams  off  apparently  towards  the 
south-west  with  a  speed  of  10  feet  per  second  ;  what  is  the  real  speed  of  the 
wind,  and  what  is  its  direction  ?  If  solved  by  actual  drawing,  the  work  must 
be  accurately  done.  (26) 

8.  \(y  =  20  +  A/3°  +  x*,  take  various  values  of  x  from  10  to  50  and  calculate  y. 

Plot  on  squared  paper.  What  straight  line  agrees  with  the  curve  most  nearly 
between  these  values?  Express  it  in  the  shape  y  —  a  +  bx.  (26) 

9.  If  the  force  which  retards  the  falling  of  an  object  in  a  fluid  is  proportional  to  vs, 

where  v  is  the  velocity  of  falling  and  s  is  the  area  of  the  surface  of  the  object, 
and  if  the  force  which  accelerates  falling  is  the  weight  of  the  object,  show  that 
as  objects  are  smaller  they  fall  more  and  more  slowly. 

Recollect  that  of  similar  objects  made  of  the  same  materials  the  weights 
are  as  the  cubes,  the  surfaces  are  as  the  squares  of  like  dimensions.  (26) 

A  sliding  piece  is  at  the  distance  s  feet  from  a  point  in  its  path  at  the  time  / 
seconds.  Do  not  plot  s  and  it.  What  is  the  average  speed  in  each  interval  of 
time  ?  Assume  that  this  is  really  the  speed  in  the  middle  of  the  interval,  and 
now  plot  time  and  speed  on  squared  paper. 


10. 


J 

roooo 

1-1054 

1-2146 

I-3268 

1*4432 

1-5624 

1-6857 

1-8118 

/ 

o 

O'l 

0'2 

0'3 

04 

0'5 

0-6 

07 

What  is  the  approximate  increase  in  speed  between  /  =  0-25  and  t  =  0-35  ? 
What  is  approximately  the  acceleration  when  t  =  O'3  ?  (22) 

11.  The  sections  of  the  two  ends  of  a  barrel  are  each  12*35  square  feet  ;  the  middle 

section  is  14*  16  square  feet  ;  the  axial  length  of  the  barrel  is  5  feet  :  what  is 
its  volume  ?  (22) 

12.  There  is  a  machine  consisting  of  two  parts  whose  weights  are  x  and  y.     The 

cost  of  the  machine  in  pounds  is  I2x  +  5_y.  The  power  of  the  machine  is 
proportional  to  xy.  Find  x  and  y  if  the  cost  is  £  100  and  if  we  desire  to 
have  the  greatest  power  possible.  Use  squared  paper  if  you  please.  (22) 

13.  According  to  a  certain  hypothesis  the  tensile  stress  in  a  rectangular  cross-section 

of  an  iron  hook  at  a  distance  .y  from  a  certain  line  through  the  centre  of  the 
section  is  proportional  to 


. 

~ 


When  R  =  IO  and  c  =  I,  calculate  p  for  various  values  of  y  from_y  =  5 
to_j/=  —  5,  and  plot  on  squared  paper.  What  is  the  average  value  of/? 
For  what  value  ofy  is  the  stress  zero  ?  (22) 

STAGE  3. 

You  must  not  attempt  more  than  eight  questions  in  all,  including  No.  I  ;  that  is 
to  say,  although  I  is  not  compulsory,  you  are  not  allowed  to  take  more  than  seven 
questions  in  addition  to  No.  I. 
1.  The  three  parts  (a),  (d),  and  (c)  must  all  be  answered  to  get  full  marks  :  — 

(a)  Without  using  logarithms,  compute  by  contracted  methods  so  that  four 
significant  figures  shall  be  correct, 

5-306  x  0-07632-4-73-15. 
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(b)  Using  logarithms,  compute 

(22- 15-*-  4" I39r° *. 

(c)  The  lengths  of  a  degree  of  latitude  and  longitude,   in   centimetres,    in 

latitude  /,  are — 

(1111-317  —  5*688  cos  /)io*  and 
(1111-164  cos  /  —  0*950  cos  3  /)  io4. 

The  length  of  a  sea  mile  (or  6082  feet)  is  185,380  cm.     What  are  the  lengths 
of  a  minute  of  latitude  and  of  a  minute  of  longitude  in  sea  miles  in  the  latitude  52°? 

(39) 
2.  A  telephonic  current  of  frequency  —  becomes  of  the  value 

C  =  Cte~hx  sin  (pt  -  gx) 
in  the  distance  of  x  miles,  where 


gives  the  value  of  h  if  the  minus  sign  be  taken,  and  the  value  of  g  if  the  plus 
sign  be  taken.  When  £-  is  very  large,  what  are  the  values  of  h  and  g  approxi- 
mately ?  If  //  =  0-05  X  IO"6,  r  =  88,  and  /  =  5000,  take  two  cases  (i)  when 
/  =  o,  and  (ii)  when  /  =  0*3,  and  in  each  case  find  the  distance  x  in  which 
the  amplitude  C  is  halved.  (39) 

3.  Find  the  value  of  cosh  0*1  (i  +  i),  where  i  means  v  —  i.  (33) 

4.  To  find  the  volume  of  part  of  a  wedge,  the  frustum  of  a  pyramid  or  of  a  cone, 

of  part  of  a  railway  cutting  or  embankment,  etc,  we  use  the  "  Prismoidal 
Formula,"  which  is  "  The  sum  of  the  areas  of  the  end  sections  and  four  times 
the  mid  section,  all  divided  by  6,  is  the  average  section ;  this  multiplied  by 
the  total  length  is  the  whole  volume."  Under  what  ciruumstances  is  this  rule 
perfectly  correct  ?  Prove  its  correctness.  (33) 

cly 

5.  If  z  =  y  +  2  -j-t  and  if  y  is  as  tabulated,  find  z  approximately.     Show  both  y 

and  z  as  functions  of  x  in  curves — 


X 

4-o 

4'i 

4-2 

4'3 

4  '4 

4'5 

y 

3-162 

3-S48 

3-981 

4-467 

5-012 

5'623 

(33) 

6.  A  body  capable  of  damped  vibration  is  acted  on  by  simply  varying  force  which 

has  a  frequency  f.    If  x  is  the  displacement  of  the  body  at  any  instant  /,  and 
if  the  motion  is  defined  by 

-—  4^  i,  —  4-  n*x  =  a  sin  2wft, 

we  wish  to  study  the  forced  vibration. 

Take  a  =  I,  b  =  I -5,  «*  =  4,  find  x,  first  when/=  0-2547  and  second 
when/=  0-3820.  (39) 

7.  The  following  values  of  x  and  y  being  given,    tabulate  Z  in  each   interval, 

ox 

also  5 A  =  ytix  and  A  =  fydx.     Show  in  curves  how  the  values  of  y,  —-,  and 
A  depend  on  jr. 


436 


Examination  Papers 


X 

O'O 

O'l 

0'2 

0'3 

0-4 

O'S 

0-6 

07 

0-8 

y 

6-428 

7-071 

7'66o 

8-192 

8-660 

9-063 

9  '397 

9-6S9 

9-848 

(33) 

8.  There  is  a  table  giving  values  of  y  in  terms  of  x,  and  another  giving  values  of  u 
in  terms  of_y.     What  is  u  when  x  =  8-3  ? 


X 

y 

y 

u 

7 

14-914 

15 

0-8169 

8 

16-128 

16 

0-7118 

9 

17-076 

17 

0*5543 

(33) 

0.  If  pv  —  TOO/,  and  p  —  3000  when  /  =  300,  find  v.  If  /  =  3010  and  t  =  302, 
find  the  new  v.  If  the  second  set  of  values  be  called  3000  +  8/,  300  +  5/, 
and  v  +  Sv,  what  is  Sv  ?  Now  use  the  formula 


and  calculate  Sz>  in  the  new  way.   Why  is  there  an  error  in  the  answer  ?  (33) 

10.  The  value  of^,  a  periodic  function  of/,  is  here  given  for  12  equidistant  values 

of/  covering  the  whole  period.     Express^  in  a  Fourier  Series. 

13-602,     18-468,     20-671,     20-182,     17-820,     14*346, 
10-130,       5-612,       1-877,       0-486,       2-500,       7-506. 

It  ought  not  to  be  necessary  to  say  that  18-468  is  the  second  value.    (39) 

11.  To  solve  x3  —  zox  +  9  =  0  graphically,  it  is  evident  that  we  desire  the  value  of 

x  which  will  cause  x3  to  be  equal  to  20.*  —  9 ;  plot  therefore  the  curve  y  =  x3, 
and  plot  the  straight  line  z  =  zox  —  9.  Where  they  intersect  we  have  the 
value  of  x  desired.  When  the  trial  is  made  it  will  be  found  that  there  are 
three  answers  :  what  are  they  ?  (33) 

12.  On  the  indicator  diagram  of  a  gas  engine  the  following  are  some  readings  of  / 

pressure  and  v  volume.  The  rate  of  reception  of  heat  (if  the  gases  are  sup- 
posed to  be  receiving  heat  from  an  outside  source  and  not  from  their  own 
chemical  action)  is 


where  k  and  K  the  important  specific  heats  are  such  that 

-4--.r4.jfc 

K  -  k  ~         300 


V 

2-0 

2'I 

2-2 

2'3 

2'4 

2'5 

2-6 

2-7 

2-8 

2'9 

3-0 

3'I 

p 

84-5 

110 

I76 

215 

231 

234 

226 

213 

2O2 

192 

183 

175 
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V 

3'2 

3*3 

3'4 

3'5 

3-6 

p 

167 

159 

152 

146 

140 

Find  -T-.at  three  places;  where  v  =  2-05,  3-55,  and  at  the  place  of  highest 

pressure.  (39) 

13.  When  a  shaft  fails  under  the  combined  action  of  a  bending  moment  M  and  a 

twisting    moment    T,   according    to    what    13    called    the    internal    friction 

hypothesis,  

M  +  a"/Uf  +  T* 

ought  to  be  constant  where  a  is  a  constant.  Test  if  this  is  so,  using  the 
following  numbers  which  have  been  published.  Considerable  errors  in  the 
observations  must  be  expected. 


M 

o 

o 

0 

I20O 

1160 

1240 

2800 

2840 

2760 

T 

4320 

4360 

4308 

4338 

4326 

4368 

3S36 

3846 

3804 

M 

4400 

4320 

4600 

5020 

5180 

53^o 

T 

2416 

2438 

2060 

O 

o 

o 

(39) 


LOWER  EXAMINATION. 


You  must  not  attempt  more  than  eight  questions  in  all,  including  Nos.  I,  2,  and  3  ; 
that  is  to  say,  although  Nos.  I,  2,  and  3  are  not  compulsory,  you  are  not  allowed  to 
take  more  than  five  questions  in  addition  to  Nos.  I,  2,  and  3. 

1.  The  four  parts  (a),  (b),  (c),  and  (d)  must  all  be  answered  to  get  full  marks : — 

(a)  Without  using  logarithms,  compute  by  contracted  methods 

67-09  X  0-2534  -T-  102-5. 
(6)  Using  logarithms,  compute  the  cube  root  of 
2-3 1 5-*.  0-1573. 

(c)  State  the  values  of  the  sine,  cosine,  and  tangent  of 

-35°. 

(d)  The  Napierian  logarithm  of  a  number  is  3*1542,  what  is  the  number? 

(24) 

2.  The  three  parts  (a),  (b),  and  (c)  must  all  be  answered  to  get  full  marks  : — 

(a)  A  copper  plate,  3  feet  in  diameter,  has  a  square  hole  in  it  whose  side  is 
10  inches ;  it  weighs  30  Ibs.  :  what  is  its  thickness  if  I  cubic  inch  of 
copper  weighs  0-32  Ib.  ? 

(6)  The  end  areas  of  a  prismoid  are  62*8  and  20*5  square  feet ;  the  perpendicular 
distance  between  them  is  15  feet ;  the  midsectional  area  is  36-7  square 
feet  :  what  is  the  average  section,  and  what  is  the  volume  ? 
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(c)  An  equilateral  triangle,  whose  side  is  4  inches,  revolves  about  a  line,  in  its 
own  plane,  thus  generating  a  ring.  The  centre  of  the  triangle  is  6  inches 
from  the  line.  What  is  the  area  of  the  surface  of  the  ring  ?  (24) 

3.  The  two  parts  (a)  and  (b)  must  both  be  answered  to  get  full  marks  :  — 

(a)  An  arc  of  3  feet  subtends  an  angle  of  43°  at  the  centre  of  the  circle,  what  is 

the  radius  of  the  circle  ? 

(b)  If  z  =  ax1'*  y"*'*  ',  if  2  is  81  when  x  =  3^4  and_y  =  i'2,  find  a.  (24) 

4.  What  are  the  factors  of  x"  —  2'$x  —  4-44?  (24) 

5.  In  a  thick  cylinder  subjected  to  fluid  pressure,  at  any  point  whose  distance  from 

the  axis  is  r,  the  radial  compressive  stress/  and  the  hoop  tensile  stress/are  such 
that 


where  a  and  b  are  constants.  If/  is  5  tons  per  square  inch  at  the  inside,  where 
r  —  4,  and  if  p  is  o  at  the  outside,  where  r  —  lo,  find  a  and  b.  Find  f  for 
r  =  4,  6  '5,  and  10,  and  showy  for  various  values  of  r  on  a  curve.  (24) 

6.  In  a  price-list  of  a  certain  type  of  machine  I  find  the  following  :  — 


8 

IO*C 

12 

Price    

AA 

60 

84 

What  is  the  probable  price  of  a  machine  whose  cylinder  diameter  is  9  5  ?     (20) 
7.  To  find  the  cross-section  of  a  river  90  feet  in  breadth  the  following  depths,  y  feet, 
were  taken  across  the  river ;  x  feet  is  the  distance  from  one  bank  : — 


X 

0 

10 

20 

30 

40 

So 

60 

70 

80 

90 

y 

3'oo 

4'5 

5-6 

6 

57 

4-8 

47 

4'5 

4 

3 

What  is  the  area  of  the  cross-section?  The  average  velocity  of  the  water 
normal  to  the  cross-section  is  3*4  feet  per  second.  Find  the  flow  of  the  river  in 
cubic  feet  per  second.  (24) 

8.  If  the  x,  yt  z  and  the  ;-,  6,  </>  co-ordinates  of  a  point  are  related  in  this  way  :  — 


r2  =  xy  +_y2  +  s2,         x  =  r  sin  0  cos  < 
y  =  r  sin  6  sin  0,          z  =  r  cos  0. 
If  x  =  4,  y  —  2,  2  =  5,  find  r,  6,  and  <£. 


(24) 


9.  I£A= 


=p(l+  jjgY  iifA  +  Pisi' 


2  and  if  «  is  8,  find  r. 


10.  It  is  thought  that  the  following  observed  values  of  x  and  y  follow  the  law 
y  =  A.  ehx.  There  are  errors  of  observation.  Test  if  such  a  law  is  probably 
true,  and,  if  so,  find  the  values  of  A  and  b  :  — 


X 

1*0 

i'5 

2'O 

2'5 

3-0 

3'5 

4-0 

4*5 

y 

13-28 

I5'°4 

I7-S3 

19-80 

23-11 

26  'oo 

30-50 

34'40 

(24) 


Examination  Papers  439 

11.  State  exactly  what  we  mean  by  -r .     Illustrate  your  meaning  by  the  speed  of  a 

point. 

Show  that  \ly  =  ax*,  ~  —  2ax.  (28) 

12.  There  is  a  curve  ;  y  =  5  —  3*  +  xz,  find  ~.     What  is  its  value  at  the  point  P 

on  the  curve  whose  x  =  2  ?  The  tangent  at  this  point  being  y  =  a  +  bx,  what 
is  the  value  of  b  ?  Calculate  a  from  the  knowledge  that  the  tangent  passes 
through  the  point  P.  (28) 

13.  The  plan  of  part  of  a  roof  which  is  a  plane  is  600  square  feet  in  area  ;  the  real 

area  is  800  square  feet ;  what  is  its  inclination  to  the  horizontal  ?  Prove  your 
method  of  calculation  to  be  correct.  (24) 


HIGHER  EXAMINATION. 

You  must  not  attempt  more  than  eight  questions  in  all,  including  No.  21 ;  that  is 
to  say,  although  No.  21  is  not  compulsory,  you  are  not  allowed  to  take  more  than 
seven  questions  in  addition  to  No.  21. 

1.  The  three  parts  (a),  (b),  and  (c)  must  all  be  answered  to  get  full  marks : — 

(a)  Without  using  logarithms,  compute  by  contracted  methods  so  that  four 
significant  figures  shall  be  correct — 

0^6709  X  25-34  -j-  CTIO25. 

(ti]  Using  logarithms,  compute  cosh  x  which  is  J  (ex  +  e~x),  where  x  is  o'3i54. 

(c)  If  *  means  *J  —  I  express  3  —  4*  in  the  form  r  (cos  0  +  ;  sin  0).  Express 
—  5  +  6i  also  in  this  form.  Divide  the  first  of  these  by  the  second,  and 
write  the  answer  in  the  form  a  +  bi.  (44) 

2.  Express  sin  at  cos  bt  as  the  sum  of  two  terms  and  integrate  with  regard  to  t.     If 

a  is  7p  and  b  is  3«,  what  ,is  the  value  of  the  integral   between  the  limits  o 

andT?  (42) 

3.  In  a  geometrical  progression  where  r  is  the  ratio  of  any  term  to  the  previous  one, 

prove  the  rules  for  finding  the  last  term  and  the  sum  of  «  terms.     The  sum  of 
a  geometric  series  of  6  terms  is  1020,  ris2'4,  find  the  first  and  last  terms.  (42) 

4.  The  lengths  of  the  intercepts  of  a  plane  on  the  axes  are   OA  =  4,   OB  —  7, 

OC  =  6.     Find  the  length  of  OP,  the  perpendicular  from  the  origin  on  the 
plane.     Find  the  angles  which  OP  makes  with  the  axes.  (42) 

6.  The  curve.?  =  a***  passes  through  the  points  x  =  i,y  =  3-5  and  x  —  lo,y  =  I2'6  : 
find  a  and  b.  This  curve  rotates  about  the  axis  of  x  describing  a  surface  of 
revolution.  Find  the  volume  between  the  cross-sections  at  x  =  I  and  x  =  10. 

(44) 

6.  If  /„  is  the  moment  of  inertia  of  an  area  about  a  straight  line  in  the  same  plane 

passing  through  its  centre,  and  /  is  its  moment  of  inertia  about  a  parallel  line 
in  the  plane,  there  is  a  rule  which  enables  us  to  calculate  /  if  we  know  /„ ; 

prove  the  rule.     If  for  a  circle  /„  is  -r*,  what  is  /  about  a  tangent  to   the 

4 
circle  ?  (42) 

7.  The  following  values  of  x  and  y  were  observed  in  a  laboratory  and  theory  sug- 

gested that  there  might  be  a  law 

y  =  ax*  +  b  X  IO*. 

There  are  errors  of  observation.     Using  squared  paper,  try  if  there  is  such 
a  law  and,  if  so,  find  the  most  probable  values  of  a  and  b. 
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X 

O'l 

0'2 

0-3 

0-4 

o'S 

0-6 

y 

r6i 

2-26 

3-20 

4'47 

6-21 

8-07 

8. 


dx 


(44) 


expresses  Deforced  vibration  of  a  system.     Imagine  the  natural  vibrations  to 
have  been  damped  out.     Take  «2  =  49,  /  =  3,  q  =  5  ;  find  x.  (44) 

8.  Show  by  a  graphic  construction  that 

at  sin  (nt  +  tj  +  a2  sin  (nt  +  e2)  =  a  sin  (nt  +  e). 
If  «t,  fl2,  f},  ft  are  given,  show  on  your  figure  the  values  of  a  and  e.  (42) 
10.  If,  in  partial  differentiation,  x  and  t  being  independent  variables. 


if  v  —  v0  sin  qt,  where  x  —  o,  and  if  v  =  o  when  x  =  oo  ,  find  v.      For  what 
value  of  x  is  the  amplitude  of  v  half  z/0  ?  (42) 

11.  Expressing  the  Scalar  Product  of  two  vectors  a  and  b  as  ab  and  their  vector  pro- 

duct as  Vab,  what  is  the  meaning  of  aVbc  ?    Show  that 

aVbc  =  bVca  =  cVab.  (44) 

12.  The  following  table  of  values  of  x  and>  is  given.     Find 

dy 

—  when  x  =  3, 

with  as  great  accuracy  as  possible.     To  get  the  most  correct  answer  the  whole 
table  is  necessary. 


X 

o 

I 

2 

3 

4 

S 

6 

y 

6-98970 

7-40363 

778I5I 

8-12913 

8-45098 

8-75061 

9-03090 

(44) 

13.  The  curve  y  =  iox*  is  cut  by  the  straight  line  y  =  2x  —  10.  Find  the  co- 
ordinates of  that  one  of  the  points  of  cutting  for  which  y  is  positive.  Find  the 
angle  between  the  curve  and  the  straight  line  at  that  point.  (44) 


ANSWERS  TO   THE   EXAMPLES 


1. 


2,  3.  2,  3,    12,  3i,  3- 


2.  A. 
8.  o. 


EXAMPLES. — I.    (Page  2.) 

Z.  8,  512,  27,  81,  10,000,000. 
4.  o-i,  0-3162,  i,  3*162,  10,  ; 


0,000,000. 

•162,  10,  31-62,  too. 


EXAMPLES. — II.     (Page  2.) 


3.  £. 
9.  0-5. 


4.  2-25. 
10.  1-5. 


5.  3-5- 
11.  -0-5. 


e.  -2. 


EXAMPLES. — III.     (Page  5.) 

1.  2-3010;  1-3010;  0-3010;  4-3010. 

2.  3-8942  ;  2-8942  ;  £-8942  ;  0-8942  ;  1-8942  ;  "2-8942  ;  ^'8942. 
3-  6-3336;  4-3336;  7'3336. 

4.  0-4972;  1-4720;  1-6695;  0-8956;  1-0538;  1-0689;  2-1954;  3-3755. 

5.  1433;  200;  30;  3-657;  0-1887;  0-002316;  0-05820. 

6.  0-8372;  1-2726;  1-5304;  2-1815. 


EXAMPLES, 

-IV.  (Page  7.) 

1.  918-1. 

2.  2-090. 

3.  40430. 

4.  34-18. 

5.  581-5. 

6.  269100. 

7.  0-003856. 

8.  410-7. 

9.  8-076. 

10.  0-002468. 

11.  11880. 

12.  601300. 

13.  15-84. 

14.  0-5944. 

15.  15-35- 

16.  3-307. 

17.  0-3307. 

18.  0-4872. 

19.  4-658. 

20.  1-473. 

21.  I3-59. 

22.  6-310. 

23.  2-929. 

24.  1-359. 

25.  57530. 

26.  0-01902. 

27.  1-017. 

28.  6056. 

29.  54-8. 

30.  1-005. 

31.  1-838  x  io4i. 

32.  0-01645. 

33.  10810. 

34.  1135. 

35.  0-1370. 

36.  0-7945. 

37.  0-01176. 

38.  0-5338. 

39.  1-079. 

40.  13-75. 

41.  1-035. 

42.  0-8228. 

43.  0-2133. 

44.  0-9833. 

45.  16-88. 

46.  0*7025. 

47.  0-5504, 

48.  31780. 

49.  3220. 

50.  4-000. 

51.  837-1. 

62.  3542. 

53.  37390. 

EXAMPLES.— V.     (Page  10.) 

1.  2-65;  3-S8;   -4'7  5  5'24;  -I4'65>  23-56-  *   74'5°;  166-2°. 

5.  7-872  ft.  6.  81-7  ft.  per  sec.  7.  18-5.  8.  0-000071;  1533. 

9.  57-6  ft.  per  sec.  10.   -1170°;  -97-5°  and  -5682°  ;  -473-5°, 

11.  308-5°;  235°;  232-5°;  227-5°. 
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EXAMPLES.— VI.     (Page  n.) 

3.  (3606,  56-3°);    (5-38,  21-8°);    (3-16,  18-4°);    (3-606,  1137°);    (S-83.  21 10); 

(5,  I43'i°). 

4.  (0-966,  0-259);  (1732,  i);  (0-877,  i'8o);  (-0-684,  i'88);  (-i'53»   -i'29); 

(i,  -1-732). 

EXAMPLES. — VII.     (Page  12.) 
2.  Set  tables,  p.  470.  3.  23°,  62-9°,  53-1°,  31^,  21-8°,  3S°»6o°»  7^7°- 

EXAMPLES.— VIII.     (Page  14.) 

2.  0-643;  -0-766;  -0-839.  3.   -0-643;  -0-766;  0-839. 

4.   —0-766;  0-643;  —1*192.  5.  o"8  ;  0*75 

6.   -0-8;  -0-75.  7.   -0-8;  0-75.  8.  o'8  ;  -0-75. 


EXAMPLES. — IX.     (Page  18.) 

1.-8.  The  numerical   values  are  given    in  the  tables,  p.  470  ;  the  signs  may  be 
verified  from  the  figures. 

9.  0-4493  ;  0*8934;  0-5029.  10.  0-7278;  —0-6858;  — 1*0612. 

11.  -0-6613;   —  0-7501  ;  0-8816.  12.  —7524;  0*6587;  -1*1423. 

13.  0*8554;  -0-5388;  -0-9903.  14.  12-4°;  59-7°;  67-3°;  52-4°. 

15.  —0-5774;  0*574;  0*282;  —0-961  ;  —  i  ;  0-966. 

16.  —0-4162  ;  0-1357.  17.   —0-1392. 

18.   —0-9191.  19.  0-909;  —0-416;   -2-184;  0-141  ;  —0-990;  —0-142. 


EXAMPLES. — X.    (Page  23.) 

6.  0*954;  0-314.  7.  0*968;  3*871.  8.  0*894;  0*447. 

9.  0-8454;  0-6318.  10.  0*8802;  1*855  11-  0-9920;  0-1256;  7-897. 

12.  0*6 ;  0*8.  13.  0*937  5  0*374-  I4-  H  J  ~&> 

15  28  .  ±4  10  35  .  12  .  35.  17  6Q  .  6Q 

•tc'-  63  »  53-  "  3T  >  37  >  12'  *~ ' '  61  >  11« 


EXAMPLES.— XI.     (Page  26.) 

1.  b  =  2*72  ;  c  =  3-21  ;  B  =  58°.  2-  B  =  34°  ;  a  =  5-635  ;  c  =  6*79. 

3.  A  =  41°;  a  =  1-77;  £  =  2-04.  4.  r  =  4'34j    A  =  38-4°;  B  =  51-6°. 

5.  a  =  158  ;  A  =  70*8°  ;  B  =  19*2°.  6.  b  =  92*6 ;  A  =  19*05°  i  B  =  70*95° 

• 

EXAMPLES.— XII.     (Page  30.) 

1.  a  =  3*161  ,  *  =  3*863  •,  C  =  117°.  2.  C  =  49°  i  «  =  3'o3 ;  *  =  2*70. 

8.  «  =  7736  yds.  ;  c  =  7073  yds. ;  C  =  62°.    4.  C  =  53°  ,  *  =  3-^3  .  e  =  ^ 

=  37-92°.  6.  A  =  110-25°  i  C  =  30*75°. 

7.  B  =  24-25°  or  155*75°;  C  =  132-75°  or  r25». 

8.  C  =  126*94°  or  1*06°;  B  =  27-06°  or  152-94° 
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9.  B  =  56-15°  or  123-85°  ;  C  =  84*85°  or  17-15°. 

10.  B  =  16-1°  ;  C  =  142-9° ;  c  =  5-84. 

11.  A  =  38-6°  or  141-4°  ;  C  =  1 10-4°  or  7-6°  ;  c  =  4-82  or  0-672. 

12.  b  =  146-7  ft.  ;  c  =  283-7  ft- 

13.  B  =  44'95°  or  I35'O5°;  C  =  103-05°  or  12-95°;  c  =  5 '514  or  1-27. 

14.  C  =  56-7°  or  123-3° ;  B  =  82-3°  or  15-7°  ;  b  =  3-869  or  I  '054. 

15.  B  =  31°  ;  c  =  237-2  yds. ;  <i  —  423-7  yds. 

16.  A  =  38-2°  ;  C  =  86-8°  ;  c  =  57-5.  17.  b  =  3-70 ;  A  =  40-5°. 
18.  B  =  59-1°  or  120-9°  ;  C  =  88-9°  or  27-1°.  19.  A  =  54°  ;  B  =  85°. 

EXAMPLES. — XIII.     (Page  32.) 

1.  c  =  3-65.  2.  c  =  3-421  ;  A  =  35-95°:  B  =  102-05°. 

3.  A  =  5°;  r=572.  4.  e  =  2-903.  5.  c  =  3-877. 

6.  r  =  4'i8.  7.  3  =  5-307.  8.  a  =  300-9. 

9.  a  =  2-84.  10.  c  =  5-265.  11.  a  =  264  yds. 

12.  a  =  583  yds.  13.  B  =  49-4°  j  A  =  71 '6°. 

14.  C  =  105-2° ;  A  =  44-9°  ;  B  =  29-9°.  15.  A  =  33-6°. 

16.  c  =  6j  yds.  17.  A  =  29°  ;  B  =  46-6°  ;  C  =  IO4'4°. 

18.  A  =  8r8°  ;  B  =  54*2°  ;  C  =  44°.  19.  c  =  38-75  ft 


EXAMPLES.— XIV.     (Page  34.) 

1.  7074000  sq.  ft.  2.  5078000  sq.  ft.  3.  92-51  sq.  ft. 

4.  91050  sq.  yds.  5.  87340  sq.  ft.  6.  1504  sq.  yds 

7.  17-4.  8.  4-718. 

9.  B  =  104-5  '  area  =  2'783  sq-  ft-  10-  C  ~  U3'6°  >  area  =  X3'28 

11.  C  =  51-3°;  A=  18-2°;  B  =  110-5° ;  area  =  1'11°- 

12.  A  =  44-4°  ;  area  =  14*7. 

EXAMPLES.— XV.     (Page  36.) 

1.  34-4  ft.     2.  1390  ft.     3.  335  ft.     4.  30  ft.     6.  58-6  ft. 

6.  8^6  ft.      7.  381-7  ft.     8.  5863  ft.     9.  3962  yds. ;  4023  yds. 

10.  27  6°. 

EXAMPLES.— XVI.     (Page  38.) 

1.  1680  yds.  ;  1248yds.;  175-8  ft.  2.  349 -9  ft.  8.  5473  & 

4.  1944  ft.  5.  3753ft.  6.  5 1 89  ft. 

7.  5599  ft.  8.  1321  ft.  9.  144  yds. ;  194-2  yds. 
10.  122  5  miles;  113  miles.  11.  141-4  yds.  12.  3-005  miles. 

EXAMPLES.— XVII.    (Page  43.) 

6.  075.  7.  0-981.  8.  |f$J  ;  —  sVfti« 

9.  ti|.  10.  £|f.  11.  0-673  5  0-909. 

12.  *o$.  13.  3-6  sin  (2/  +  0-983).       14.  3-6  sin  (2/  -  0-588). 

S  ,  \. 

15.  53  sin  (2*nt  +  0-557.    16.  37  sin (~j  -  0-330 J.     17.  17°.  '18.0-25. 
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EXAMPLES.— XVIII.    (Page  44.) 


4-  0-574. 

7.  A  =0-533. 


3.  -0-679. 

6-  !%&  =  0777 
10.  o-994  ;  O'lii  ; 
12.  zb  cos*  (2ir«/)  +  a  cos  2icnt  —  b. 
15.  0-4. 


«•  ft ;  £  ;  V- 

9.  —0-446 ;  0-895. 
11.  0-999  ;  —  0*017. 
14.  0-8. 

16.  0-274 ;  0-962. 


11.    -      cos 


EXAMPLES.  —  XX.    (Page  47.) 
*\  12.  J{  cos  g  -  cos  (4™/ 


1.  81  Ibs. 

4.   I  -225  dynes. 

7.  2-43  Ibs. 

10.  14  X  10'. 

13.  0-9982. 

16.  1-946. 

19.   -0-097;  2-57. 

22.  3-47. 

25.  45-7;  28-9;  20-9. 

27.  96-5;  93-7;  70-0 

29.  2-16;  2;  1-85;  I 

31.  199-2. 

34.  8-3. 

37.  o;  0-104;  0-199; 

39.  0-2345. 


EXAMPLES.— XXI. 

2.  7-3  ins. 

5.  22050 ;  0*417. 

8.  H.  P.  =0-00091 

11.  356  cub.  ft. 

14.  6-756. 

17.   -0-274. 

20.  373-1  Ibs. ;  5553  Ibs. 

23.  55-158. 

26.  1972;  4-356;  1-55. 
;  38-5  ;  20-0. 
66. 

32.  31-13. 

35.  0-00000750. 
0-285. 

40.  0-0208. 


9.  i  -04  ins. 


(Page  51.) 

3.  3-34  ohms. 
6.  17. 

T3 
W' 

12.  2'5  ins.  of  water. 

15.  1712. 

18.  i -060. 

21.  2-54. 

24.  3215;  2232;  1723. 


28.  97;  94-3;  72;  41-4;  22-5. 
30.  96-4  ;  93-4  ;  68-7  ;  36-9  ;  i8'6. 

33.  8847-3. 

36.  0-233. 

38.  1-644. 


EXAMPLES. — XXII.     (Page  55.) 


4.   i  'i  per  cent. 

7.  2  yrs.  (i'96). 

1  n    loor 

10.  -  per  cent. 


13.  ^772.  14.  £2090. 


2.  ^1722. 
5.   16-48713. 

8.  A  loss,  .£5294. 

,,     ,-.  nrA 

11.  D  =  -      —  . 
1200  +  nr 

15.  j£93'i. 


3.  £21  8s. 
6.  i-6  per  cent. 

8-A  =  P('  +  S 

12.    X  = ^^r 

(1200  +  wr)i2OO 
16.  £1096.  17.  £$4* 


1.  136  yds. 

4.  5-37  sq.  ft. 

7.  5*17  ins. 
10.  0-029  i°- 
12.  4*936  Ibs. 
15.  1588  Ibs. 
18.  4-35  ins. 


EXAMPLES.  —  XXIII.     (Page  58.) 

2.  6484  sq.  yds.  8.  4*4  sq.  ft. 

5.  20  cub.  ins.  6.  194  cub.  ft. 

8.  50266  sq.  ft.  9.  772  cu.  ins.  • 

11-  Cross-section  =  ©'0353  sq.  in.  ;  diameter  =  0*212  in. 
13.  |  in.  14.  0*19  in. 


16.  0-26  Ib. 
19.  1224. 


17.  555  Ibs. 
20.  3010  Ibs. 
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21.  2010.                           22.  245  Ibs.  ;  3  ins.  23.  1-59  mm. 

24.  1-004  in. ;  2-56  Ibs.    25.  198 'I  Ibs.  26.  8 '8  ins. 

27.  10' I  ins.  ;  6-67  ins.     28.  207-3  sq.  ins.  29.  76-33. 
30    3-67  ins.                      31.  62400  cub.  ft. 


EXAMPLES.  —XXIV.     (Page  61.) 

3.  0-9998.  4.  0-994.  5.  roo6.  6.  0-988.  7.  0-9991. 

8.  0-9933.  ®-  roi.  10.  10*099.         11.  15-937.         12.  27'oig. 
13.  14*967.           14.  6-0092.         15.  8-9959.          16.  0-0102.         17.  0-00198. 
18.  0-9911.            19.  0-3  per  cent,  deficit.  20.  0*35  per  cent. 

21.  43  sees.  22.  15-7  cub.  ins.  23.  2  per  cent. 

24.  (a)  the  ratio  is  diminished  by  15  per  cent.  ;  (6)  it  is  diminished  by  25  per  cent. 

nearly. 

25.  4  per  cent. ;  I  per  cent. ;   —  I  per  cent.  28.  2  per  cent,  deficit. 

EXAMPLES.— XXV.    (Page  64.) 
1.  I  -356  X  IOT.          2.  445000  dynes.          3.  5240.         4.  981  cm.  per  sec.  per  sec. 

« 
EXAMPLES.—  XXVI.     (Page  66.) 

1.  I ;  0-5.  2.  —3-12;  —o'2i.  3.  1*566;  —0-766. 

4.  i  ;  -  2§.  5.  -  1-15  ;  0-65.  6.  0*3  ±  o'843/. 
_    i  ±  6-86/                     ft    -  13  ±  29'Q3*  a    2-5  ±  4'945* 

/.      f .  O.      -^ .  €7. . 

6  46  2*6 

10.   —  0-55  X  to5 ;   -  0-29  X  10*.      11.    -  0-4  X  10*  equal.     12.    ~x  9  —  °    2>IO» 

EXAMPLES.— XXVII.     (Page  67.) 

1.    -2;  -I.  2.    -3;  I.  3.    -i;-l.  4.    -  3  ;  -  2. 

5.  2 ;  -  5.  6.  6  ;  J.  7.  2-5  5-3.  8.  2  ;  0*4. 

9.  JL;  -f  10.  2;  4.  11.   ±if.  12.   ±  m ;    ±im 

13.  The  roots  are  real  and  unequal,  equal  or  imaginary  according  as  L  is  less  than 

equal  to  or  greater  than  JR'K. 

14.  (a)  -  ijio4,   -  8gio4 ;  (b)  -  (I  ±  i)lo4;  (c)  -  2  X  lo4. 

is.  ±  -4=.  ie.  K*=  ^w.  17.  _  ,.29±  IS75,. 

V#»>*  ^  gh 


EXAMPLES.—  XXVIII.    (Page  69.) 

1.  «,a;-4.  2.  3;  5;  -i. 

4.  -2;^3_£»  B..,-,;al3. 


EXAMPLES.—  XXIX.     (Page  69.) 

1.  2-255.  2.  1-77.  3.  0-750.  4.  0-0702. 

6.  ATS>  e-  2'5-  7-  l*'2>  8-  o  J  0-527. 
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EXAMPLES. — XXX.     (Page  72.) 

1.  3'6;  3'8.  2.  m  =  1-2  ;  t  =  2-2.  3.  -  19-5.  4.^  =  9- 

5.  x  =  8;y  =  S',z=u. 

6.  x  =  -  1-848,  or  0-648  ;  y  =  -  3 -544,  or  3*944. 

7.  JT  =  2-396,  or  0-046  ;  ^  =  6'i88,  or  —  0*862. 


a 


8.  f=-.  9.   2;  5.  10.   5-44.  11.   82-4. 


m 


12.  a  =  21  ;  b  =  36  ;  <•  =  1*2.  13.  7  =  4-2^  8. 

14.  ^  =  2-S.r-1-4.  15.  42-66. 

16.  P  =  125  +  i*3V*.  17.  «  =  1-25  ;  C  =  7550. 

18.  «  =  1-37  ;  C  =  550.  19.  0-55.  20.   -  1-483. 

21.  b  =  36  ;  a  =  3*102  x  io-10.  22.  23*62. 

23.  (»p\-t  =  CJ  fj-t.  24.  262*5. 

25.  4,  =  K  logtj  -  R  log. |  j  ^  =  £  loge£  +  R  log.^- 

*«  /O  *0  P»« 

26.  a  =  3-8 ;  6  =  0*1$.  27.  a  =  56-5  ;  b  =  —  0*23. 

28.  0-308.  29.  a  =  0*0455  ',  b  =  —  0-01856.       30.  9-03  X  IO*. 

31.  A  =  6'ioi  ;  B  =  1520  ;  C  =  123000.  32.  0-0947. 

33.  0*08265.  34.  a  =  1*552  ;  b  =  0*0105  ;  c  —  0*0319. 


EXAMPLES.—  XXXI.     (Page  75.) 
12  IOJT  —  22*  —  6  2x*  +  2\x  +  13 

'  '  ~ 


-  1  7^  +  25^  +  348  5**  +  13*  +  1  6 

(2*  +  9)(3*  -  i)(*  +  7)'  >-  (^2  +  2jr  +  S)(*  -  3)' 


-  <«  +  15*  -  41  5^  -  ly  +  io 

J*      2  (*  ~  2)'  ''  (*  -  2)2(jr  -  I)' 


13^  +  74^+132  p      &•**  +  22JT  +  19 

'  *  '  •  «  ' 


_  _ 
-  I)'  --    (*  -   I)0f  +  2)(*  -  5). 


EXAMPLES.— XXXII.    (Page  77.) 

1.  — —  2.  -1 l—  •  3.  —L_  +  -?-*  • 

x  —  2      x  +  2  •*  +  3      x  +  5  jr+l'jr  +  6 

A  _L_^_J_.  K        5       j.      4      .    e  _L_  +  _L__ 


*  -f  3      *  +  2  9(*  -  5)      9(^  +  4)         '  *  -  i      x  +  2      ar+3 


•7  _L_j._-L_         4  R      i,i      ... 

/**-.3"*"*+2        2*+  I*  *+  I  "•"(*  +  I)' "•";«•- 2 

9.  4 ,         7  _A_  10.  _? -i- ? » 


11. 


T  T  V 

12. 


13         2  I  5  ,4         9  1  f 

7(*~4)      6(*-3)      42(*  +  3)'  S(*  +  4)"*  +  3"-~S(*-  0* 
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I  4 


IP 
* 


(*  -  3)      49(*  +  4) 
2  3 


-  4) 


- 

4      2*  -  i 


19        ii* -23      _       ii         .         7  ^ 

1     :  +  2)      64(0:  -  2)      8(jr  -  2)*'          '  b  -  aU  +  a      6  +  bj 


EXAMPLES.—  XXXIII.     (Page  81.) 

1.  0-4609;  0-4664;  27-47°;  27-2°.  2.  0-9483;  0-9473;  71-8°;  71-48°. 

3.  0-5358;  0-5314;  5775°;  57'2°.  4.  0-6644;  0-6556;  33-  11°;  33-43°. 
5.  0-00785  ;  0-0253  ;  0-04275.  6.  0-5978  ;  0-6056  ;  34-38°. 

7.  68-47°;  137-5°.  8.   1-110162. 

9.    1-030810.  10.    —0-7146;  135-78°. 

Ex  1MPLES.—  XXXIV.     (Page  82.) 

1.  6214-2  ;  6290-1.      2.  0-0024713  ;  0-00246214.      3.  5-076  ;  14-907. 

4.  0-9871  ;  0-8873.      0.  82-9;  188-3.  6.  1-8420:  2-0108. 
7.  2-7386;  2*8723. 

EXAMPCCS.—  XXXV.     (Page  85.) 

1.  £1  18-87  5  £180-87.  2.   135  yds.  ;  275  yds. 

3.   7400  Ibs.  steam  per  hour  ;  540?  H.  P.         4.  21364;  20895;  19871. 

5.  32-8  ;  40.  6.  4-5  ins.  ;  2450  Ibs. 

7.  2880;  121-2°.  8.  6-17  cub.ft.;  5-45  cub.  ft.;  4-83  cub.ft. 

9.  186  ;  198.  10.  4  -  3  ;  4  -  25. 

11.  49-77  ;  44-26  ;  42-58  ;  23-35.  12.  665000;  870. 

13.  117;  161  ;  213.  14.  £101,  about. 

15.  1450.  16.  29*.  lod. 

EXAMPLES.—  XXXVI.    (Page  90  J 

9.  y  =  $*  +  7}-  10-  y  =  2*  ~  7-  11.  y  =  -  5*  +  3- 

1  2.  $y  +  4*  +  I  =  o.  13.  y  =  —  o6x  +  2'2  14.   5^  +  8*  +  I  =  o. 

15.  i  ly  +  x  —  39  =  o.  16.  ^=—3^  +  8.  17.  y  —  o'ur  —  2'3. 

EXAMPLES.  —  XXXIX.     (Page  102.) 

5.  2-60;  3-45.  14.  £109  5J.  5<£  ;  £122  19^.  9^.;  5}  years. 

16.  8-2  ft.  per  second.  18.  0-71. 
19.  86  amps  ;  126  amps.  20.  0-14. 
21.  2O'i  ins.  ;  12  2  ins.  ;  no  Ibs. 


EXAMPLES. — XLIII.    (Page  118.) 

6.  /  =  sin  (i'2O43/)  ;  values  of  /  are  taken  as  abscissae. 

7.  J  =  sin  (-  i'2043/). 

8.  J  =  6  sin  (o'5236/  +  0-7854)  ins. ;  t  =  6  sin  (0-7854  — 

9.  y  =  9  (1-0472*  +  0-2269).  10.  /  =  i'8  cos  (240r/  —  0-733). 


448  Answers  to  the  Examples 

EXAMPLES.— XLV.     (Page  121.) 
14.  y  —  3  sin  (t,ict  +  0*7854)  +  2  sin  ($irt  +  2-356). 

EXAMPLES  — XLVI.    (Page  126.) 

1.   1*3;  -2-1.  2.  0-31;  0*52.  3.  2.  4.  i;  2;  3. 

5    -1-3.  6.  3;  —2;  -i.  7.  1*2  ;  4*1.        8.  0-649. 

9.   -0-763.  10.  2*506.  11.  2-1.  12.  1-31. 

13.  0-384.  14.  0*13.  15.  0*31  ;  0'86  ;  1-429. 

16.  4'49.  17.  363-7- 

EXAMPLES.— XLVII.     (Page  128.) 


1.  _y  =  2*  —  3.  2.  y  =  i'4*  +  7-6.  3.  y  =  —  0-08*  +  11-5. 

4.  L  =  606-5  ~  0-6950.      5.  H  =  606-5  +  0-3056.        6.  V  =  100  +  0-367^. 

7.  /=  10  +  o'oo534W.     8.  V=  100  +  ox>i80.  9.  s  =  1*00664  -0*0005  579 

10.  S  =  0-033266  —  0-OOO0092/.  11.  S  =  73  +  O73/. 

12.  S  =  54-2  +  o-5/.          13.  A  =  295  +  n-8*.  j£377'6. 


14.  P  =  2-7511  +  10-04  ;  C  =  -         +  2-75.  15.  £93  :  P  =  3-32^  -I-  2-23. 

16.  »  =  0-844*.  17.  W  =  60  +  2375!.          18.  W  =  43  +  i6I. 

19.  W  =  62  +  13!.  20.   133  amps.  ;  A  =  0-0423?  +  48-5. 

21.  Torque  =  7-3  x  current. 

W 

22.  P  =  0-I2W  +  2-4  ;  efficiency  = 


EXAMPLES.— XLVIII.     (Page  135.) 

1.  y  =  21  +  0*2**.  2.  y  =  103  +  5**.  3.  y  =  20  —  3*7. 

4.  xy  =  1-5*  —  2'zy.  5.  y  =  47  —  0-07*-".  6.  y  =  5*6  +  O"$xy. 

7.  y  =  xy  —  1*5.  8.  xy  =  12-6*  —  I5'«y.  Q.  xy  =  0*67*  +  i'3$y. 

10.  y  =  6-32  +  0-326*%  11.  y  =  31  +  o-oo65*y.  12.  H.P.  =  I *26V5+ 125 

13.  V  =  -.  14.  R  =  6  +  0-009 V*.  15.  P  =  2*8S2  -f  3-1. 


16.  P  =  s-iS*  +  2-2.  17.  *  =  0*7  +  ^.  18.  V  =  45  +  4?, 

19.  V  =  47-5  +  §1  20.  V  =  42  +  23  21.  D  =     I44    . 

3       A  T  A  134  +  r 


22.  D  =      I44     :  1-26.          23.  »  =      °'015'7  ,.  24.  E  =  2'86/  +  o-ooi-"'. 

144  -  r  I  +  0*0350 

EXAMPLES. — XLIX.    (Page  141.) 

1.  y  =  5  +  0-6*  —  o-i*1.  2.  0  =  132  +  0-875*  +  0-01125**. 

8.  E  =21483  —  o4295/  —  0*0241 5***.         4.  y  —  io~B(  182,000  4-  o"i75/  +  o-o35/*) 

EXAMPLES. — L.     (Page  143.) 

1.  y  =  2*  +  0-05.  2.  j-  =  3'2*  4-9.  3.  y  =  2*  +  18-3. 

•*'.?  =  4'3-r  +  127. 
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1.  y  =  x™. 

4.  y=  2-5.Z3. 

7.  y  =  3ocw~I. 
10.  n  =  1-13. 
13.  »  =  i'37- 


19.  V  =  I400/41  B. 
22.  P  =  o-5z/3-«. 
25.  C  =  75oA°'82. 


EXAMPLES.  —  LI.     (Page 

148.) 

2. 

y  =  x™. 

3. 

y  = 

o-O447.*1'S8. 

5. 

y=  I-3*4. 

6. 

y  = 

2-5JT53  X  I0~n. 

8. 

y  =  j:"1'37. 

9. 

y  = 

I-05*-0'634. 

11. 

«  =  0-9. 

12. 

*"3« 

14. 

«  =  1-41. 

15. 

t  = 

237/>0-29. 

17. 

D  =  o-98Hi 

18. 

D  = 

if&T*. 

20. 

I  =  4-i7D°'CT. 

21. 

w  = 

-  235cx/3-BS. 

23. 

E  =  0-02B1  «. 

24. 

c  = 

420A0'77. 

26. 

H  =  o-oooi4V°'M. 

27. 

/»  = 

o-isL-0"178. 

4.  y  =  2Oe~°  a28« 

7.  ^  =  P**. 
10.  /*  =  0*185. 
13.  V  = 
15.  0  = 


EXAMPLES. — LII.     (Page  156.) 

2.  ^  =  o^^'5*.  3.  y  = 

&•  y  =  325<f*.  6.  y  =  27504--*. 

8.  /  =  lo^0'02*.  9.  _y  =  3/0025* 

11.  fi  =  0-172.  12.  /*  =  53500<r-° 

14.  A  =  30 ;  K  =  —0-000038. 

16.  0  =  20-61 


17.  log  6  =  2-07548  —  o  0006 1 35/  +  O-OOOOOI745/2. 

18.  s  =  6C*0'004' ;  log  S  =  1-78  +  0-17—  - 


19.  u  =  o-028-r-°-°18t. 


20.  /*  =  0-043^-°  018«. 


EXAMPLES.— LIII.     (Page  166.) 


1.  2-33.        2.  24-9.        3.  27-65. 
5.  1041  Ibs.       6.  9-3  ft.  per  sec.   7.  152  ft. 

9-  °'333-       10  °'637-      i1-  °'S- 
13.  22-5  ft.-lbs.    14.  1  1  -8.       15.  34-75. 
17.  10-8  sq.  ins.    18.  i8'8.        19.  674  sq.  ft. 
20.  1820,  2305,  2740,  3150,  3310.    21.  10-7. 

4.  1005  ibs. 
8.  3-14  ins. 
12.  20-11. 
16.  8150. 

23.  16-01. 

EXAMPLES. — LIV.     (Page  171.) 

1.  2*5.  2.   15  ft.  per  sec.         3.  32-2  ft.  per  sec.  per  sec.     4.  —60. 

5.   —12-5.         6.   1-187.  7.  0-222.  8.  0-0000049. 

9.  0-1795.       10-  °'OI°-  *!•  0-925.  12.  —0-799. 


EXAMPLES.— LV.     (Page  181.) 

3-5.  2.  0-0435.  5.  2005  ft.  per  sec.       7.  3-2. 

9.    u  ft.  per  sec.  per  sec.  ;  136-7  Ibs.     10.  59  ft.  per  sec.  per  sec. 


21.  1-00383  ;  1-00283. 


25.   About  £290. 


8.  0-15. 
26.  3-81. 


1.  3- 
6.  4. 


2.  0-5. 
7.   -3- 


EXAMPLES. — LVI. 

3.   -2. 
8.   -0-6. 


(Page  190.) 

4.   -0-75. 
9.   -0-13. 


5.  3- 
10.  0-253. 


2  G 
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11.  a.  12.   -3.  13.  0-5.  14.    -i'2.  15.   -3. 

16.2.          17.  0-00366V..        18.  ^.         20.  2'6;o.         21-A^-        22.  2-81. 

EXAMPLES.— LVII.     (Page  194.) 

2.  4*».  3.  3V^.  4    _JL.  8    rf. 

2  *-  j;3 

7.  ^-S.  8.  i-25«<>2B.  9.  -J— .  10.  8'33/°« 

•*""  2,\/w 

11.  o-3-r-°-7.       12.  -^4?.       13-  --,-  14.  2<rf. 

i/3  ^>s 

EXAMPLES.— LVIII.     (Page  195.) 

1.    6jr  — 2.  2.    -5  -  12*. 

3.  24**  —  15*'  +  28.x-1  —  3**  +  4*  —  i.   4.  2i*8  —  84**  +  301*  —  i. 
6.  gx1  -  4*  +  5*4  -  6.r».  6.  5  +  i2t. 

T.b  +  2d.  8.     «»+-?. 


9    i'$*7jc®'^  ~*~  4*6^  '3  "4"  iv  8.x3'®  ^  i 

in      z  /o           _j_         —i 

•^         /v/-* 

n^.AU0'3    i    •?r*'*»-  —  4'fi              J        -L     J 

8 

•  3  9-*^     '     5  Z-*                  /—  •      r 
2JV-*      «P 

12.  a'S*1'6  —  j'36.*0'38  +  8'7*V9  —  o'c 

}I  j^-OW. 

2'6                             1 

., 

13.  i-3^'s+  ^r«  +  7-f'  +  -«• 

^  A          •  f    O'B    i     4 

«3  o                                    -p* 

W33         4^7 

15.  -L.-^+i. 

16.   I7^7  +  P  +  S^. 

17       i      .    x    _5** 

18.  .^4_.9+^. 

t~             I          2   ' 

19.  6*-  3--^  +  A- 

20.  sj«  -  9J5  +  ij-l. 

01     ,„«      6  _  4  _       I 

QO           vyfn*,—  3*364              '3*          .  -   * 

81.   42/         ^        ^                    -^ 

<5^.    —  2   xOi^              *~  —  „._.,,    ^   I  s*^  • 
^  ">1             J 

23.  i-2T+-° 

0Z           Z* 

^£4.    O*2JT           *|~  I  *OJ"T           —  ^'OJT       —•  22'S't*         . 

OK             SIQ                o«            *   .           * 

25'     -  W20646'              26'     -  -2  '    ~  #• 

27.  -  308-5/-1-939.        28.  3^,  6*,  6,  o,  o. 

42.  55  ft.  per  sec. ;  12  ft.  per  sec.  per  sec.  43.    —  1 J^  f.s.  ;  5fa  f.s.s. 

44.  32-2  f.s. ;  64-4  f.s. ;  96-6  f.s.  ;  I28'8  f.s. ;  32-2  f.s.s. 

45.  Velocity  =  32'2/  —  200  ft.  per  sec.  ;  acceleration  =  32^2  ft.  per  sec.  per  sec. 

46.  Velocity  =  2ct  +  b  ;  acceleration  =  2c. 

47.  Momentum  =  500  +  i68o/ ;  kinetic  energy  =  625  +  42oo/  +  7056^. 

48.  -  ^.  50.  s  =  i  +  4-10-*  6  +  9-10-'  8*. 

IT 

51.  j  =  o'c 
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53.  -!!(/*  -  *-•  +  ^)  .  J^  -  „,  +  ,,,  .  g(,  _  fl  .   ». 

54      J^J  £?  -  f3  \  .       *"  /^!  _  ,-A.     _  7wr        _    W 

fc  2E1^4        3  ]'  51^4      *y       El"'       El' 
55.  y  -  i  +  i6x*.  58.  j  =  2(x  +  i)2. 

EXAMPLES.  —  LIX.     (Page  200.) 

3.  33-8^-3'.  4.   -  iyo2<r-*i*.  5.  ^^.  6.   -  4^*. 

7.  I'a--1*'.  8.  i-3*1-3u+5.  9.  16-r.r1^  - 


10.    -  to-*"  +  2.^".  11.   r^s0'3  -  io'92rj'2  -  io-2<r-2'. 

13.   1-571  X  4'8iz.                   14.  r666  x  2-32r.  15.  1-047  X  2-85'. 

16.  0-839  X  2'5'«                      17.  e*;  9^;  anca*.  19.  o. 

20.  o.                                        21.  C  =  ai  +  at  ;  D  =  ttlav  24.  V,. 
25.  y  =  2  +  3^. 

EXAMPLES.—  LX.     (Page  205.) 

1.  3  cos  3*.  2.   -  2  sin  2x.                             3.  £  cos  |.r. 

4.   -Jsin|.  6.  3  sin  (-3*).                          6.  -cos(-£r). 


7.  9-4  sin  (-  2-35^:).  8.  4  cos  (2x  -  4).  9.  9  sin  (2 

10.   15-5  cos  (2-5  +  3'i.r).         11.   -6  sin  (i  -  3*).  12.    -  30  cos  (2  -  ex). 

13.  o'Oi  sin  (£  -  £r).  14.  0-3517  cos  (0-351^  +  0-273). 

15.  3-89  sin  (371  —  r52jr).  16.  an  cos  (nt  +  e). 

17.  A/  cos  (//  +  a).  18.    -  A/  sin  (ft  +  a). 

19.  Ac  cos  (tt  +  a)  +  EC  Cos  (<:/  -  a).          2O.  A  cos  (6  +  e). 
21.  3-09  cos  (I-03/  +  2-51).  22.  2vfcos(2ir/t  +  g). 

28.  cos  x,  —  sin  x,  —  cos  x,  sin  JT,  cos  JT,  and  so  on  ; 

—  sin  x,  —  cos  x,  sin  x,  cos  JT,  —  sin  x  .  .  . 

29.  —  ay*  sin  {?/  +g).  30.    —  12  sin  (2*  +  4). 
31.  -2i-i  cos  (2-6*  -4-1).                       33.o.  34.o. 


35.  =  ap  cos//  -  bp  sin//  =  -ft*/  a*  +  32  sin  (//  -  a),  where  tan  *  =  *.. 

ut  0 

36.  Velocity  =  2*na  cos  (2irw/  +g)  ;  acceleration  =  —  4*-2«?<z  sin  (2»«/  +  g\ 

38.  Kinetic  energy  =  JM«*^*  cos2  qt  ;  momentum  =  Ma^  cos  ft  ; 

force  =  —  May*  sin  ^/. 

39.  io-$AH?  cos  qt  volts. 

42.  a  cos  /  +  2b  cos  2/  +  3^  cos  3/5  —  a  sin  /  —  4^  sin  2/  —  or  sin  y. 

43.  Velocity  =  rq  cos  y/  --  ^  sin  2qt  ; 

acceleration  =  —  rq1  sin  ^/  --  —  cos  2qt  ;  --  j~  •  —  rq-  +  ^~  ;   --  ~-> 

44.  Velocity  =  2irfa  cos  (2ir//  +  g)  +  ^fb  cos  (3n//  +  h)  ; 

acceleration  =  —  4*  fa  sin  (2V/  +  g)  —  yiPfb  sin  (3ir/"/  +  h). 


EXAMPLES.  —  LXI.     (Page  208.) 

1      l  8  4  q     I 

1.   -  .  *>•    -  :  -  O.    —  . 

x  4*  +  3  * 

5       '5  e    -11^-  7.9^34? 

'  5/  +  4  '  7'  +  3'  « 
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9    -  10    -  -  1       797 

17.  ?22?  4.  5-75  .  io-«.  /  -  3150  .  io-*. 

EXAMPLES. — LXII.     (Page  209.) 

1.  5_r<  -  $f*  4-  cos  *.  2.   i  i*ie  -  1  4-  2  sin  2*. 

3.  -\"]jc-^  -  &-?*  +  3  cos  (3*  4-  2).       4.    -2'35<r-2'35-<4-3  5jr2'«-2  sin  (2jr-  i) 

5.  —i-2e~r**  +  o'6*-°'4  —  15  cos  (3*  4-  4)  —  12  sin  (2*  —  I). 

6.  —  2'3fr~2'st  —  £/~$  4-  5^~*  —  12  sin  ( i  —  3^). 

7.  2-6*°'8  4-  2 -I*-3'1  4-  6<*«  4-  6<r-"  +  2  cos  (2*  4-  i). 

8.  u-6«>?+  ^J-f  +  2'S3^'»-. 

9.  2i'47/5'9  4-  6-3  cos  (i  —  3«)  —  21-5  sin  (2  —  4'3«)  —  -==. 

10.  3/*  -  i  -  I  -  i  -3/0-3  +  2  6/-3«. 

11.  5«*  -  6^«  4-  ^  -  &-"  -  |^7«  4-  3'6^'2". 

fm 

12.  2if2*  —  6  cos  (it  4-  i)  —  12  sin  (3/  —  2)  —  4  cos  (i  -  4/)  -  2  sin  (i  —  (\. 


EXAMPLES.— LXIII.     (Page  21  r.) 

1.  -*"-**  (sin  a-  +  2  cos  a-).  2.  r^3*  {cos  (*•  -  i)  -  3  sin  (x  -  i)}. 

3.    -r-6*  {2  cos  (3-2*)  4- 5  sin  (3-2*)}.      4.  s-^^  +  2  cos  2*  log.  (or  +  i). 

JC  *y*    I 

6.  3  cos  3*  cos  5*  —  5  sin  3*  sin  5*.  6.  28  cos  4*  cos  6x  —  42  sin  4*  sin  6*. 

7.  70  sin  3*  cos  7*  +  30  cos  3*  sin  7*.         8.   —  75  cos  6*  sin  5*  —  90  sin  6x  cos  5*. 
9.   —  3  sin  (2x  4-  i)  sin  (3*  +  2)  +  2  cos  (2*  4-  i)  cos  (3*  4-  2). 

10.  -  3  sin  (jr  4-  i)  cos  (4*  -  5)  -  4  cos  (3*  4-  i)  sin  (4*  -  5). 

11.  2  sin  (2x  4-  i)  cos  (2*  4-  3)  4-  2  cos  (2x  4-  i)  sin  (2x  +  3). 

12.  a  sin  (ax  4-  £)  cos  (ax  4-  ^)  4-  a  cos  (<wr  4-  £)  sin  (ax  +  </). 

13.  —  b  cos  (a*  4-  b}  sin  (3*  4-  <0  —  a  sin  (a*  4-  V)  cos  (far  +  ^)- 

14.  —  c  sin  (a*  4-  b)  sin  (r*  4-  d)  4-  a  cos  (a*  +  b)  cos  (r*  4-  </)• 

15.  #*  cos  *  4-  3*2  sin  *.  16.  2*1'31  cos  (2x  4-  i)  4-  i^i*0"81  sin  (2x  4-  i). 
17.  aV*  (2*  +  3).          18.  *"-i  *te  (&r  4-  «).  19.o.          20.  a          21.  o. 


EXAMPLES.— LXIV.     (Page  213.) 

_  2  cos  3*      3  sin  3*  _  sin  (I -3*)      3  cos  (i  -  3*) 

i5  **  ~  ^  * 

4.  -^4- 


_     cos  *          sin  *  «    _  s^n  •*  +  cos  * 

'•  Io7"*~*(log*)»*  ~~^ 

-sin  *  a    _  cos;r 

cos*  *  sin*  * 

10  '  11         l  14.    2  2  cos  (»*  ~  3)  ~  3  s'"  (2*  -  3) 

IU>     ~x(log*)«'  11'c^hr*'  ^ 
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15  3  cos  (2x  +  3)  cos  (3*  -  i)  +  2  sin  (2x  +  3)  sin  ($x  -  i)  ^ 

COS*  (2X  +  3) 

16  o  _o,sin  (2x  +  3)  -  cos  (2*  +  3)  6<r»«         __  2<** 

COS*  (2JT  +  3)  •    log.  (X  -    I  )         (X-I)  {log,  (X  -   I  } 


in         2  COS  2X 

AW. 


'  (x  +  5)*  '  l°S  (x  -  3)      (x  -  3)  Uog  (x  -  3))f 

20  6^sip  (2*  -  i)  +  cos  (2*  -  i)  _ 

COS*  (2JT  —  i) 

cos  (31*  +  7)  +  31  (x  -  4)  sin  (31*  +  7) .  log  (x  -  4) 
"*•  (*  -  4)  cos*  (31*  +  7) 


EXAMPLES.— LXV.    (Page  216.) 

1.   -4(2  -  xY.  2.  ^-—r   •  3. 

4.  -      3  6.        ^j_..  6. 


(2  —  3*)*'  2V*  4  —  3*  s/2-*  +  * 


7  8  -- ,  9. 

••       .  .  »•  »  a       7~ 

+  4x  -  I 


10.  — H^-3-  11.  — g?-±^- .  12.  -4-. 

2/v/*2  —  3-*  +  5  2^ax-  +  bx  +  c 

TO          ~4  14  —I  15.  2X  —  2 

13'  -^T£  b<  I  -  *  '  *»  -  *r  +  5 

16.       <4^~3[  17.  2ajr+J_ .  19.  3  sin*  x  cos  x. 


20  V*  cos  **.  21.  ^.  22.  ^(log.  j:)*. 

•  Jr~  X  X 

23.  s^V18'.  24.  3£**.  25.  5  sin4  x  cos  jr. 

26.  -tan*.  27.  2  cos  24?.  «rsin!U.  28.   -  ^  sin  (<^). 

29.  i.  30.   -6  cos*  (2jr—  i)  sin  (2x  —  i). 


sin  x  cos  x 


33.  2  sin  JT  cob*  JT  —  3  cos2  x  sin'  *.  34.   — ,  - 

35.  m  sinm-1  x  cos"+1  *  —  n  sinm+   jr  cos"~'  jr.  38.  -. 


42,  — — — -. ;.       44.  ^ »   / i  — i i 1 

(x  —  4)(2j; — 3)  ~   v'     (I  +  3;C)(I  — 4x)\i~rX       I  —  2x      1+3^:       I — / 

45.  ^ ..  46.  ±    .    l          T   /-t — . 

(I  —«*)*(!+  *?)'  VI— ^  fJl—X 

EXAMPLES.— LXVI.     (Page  219.) 
1.   15-71  cub.  ins.  2.  0-00175  cos  0  ;  0-00175  ;  0-0000306. 

be  sin  A  .  .     e        c  —  b  cos  A 
3.   Sa  =  —        —  5A,  5rt  = c^. 


4.  3!  -56.  6.  i5oV4  ;  A  =  iSoov^  .  sq.  ft. 

6.  5-43;  3'49J  5'43- 
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EXAMPLES.  —  LXIX.     (Page  230.) 

1.  i.  2.  3.  3.  07071.  4.  3-58;  6-42.  5.  0-466. 

6.  2  ;  5.          7.   -  i  ;  3.  8.  0716. 


10.  Width  =  2  ft.  ;  depth  =  l  ft.          11.   Height  =  3*175  cms.  ;  volume  =  67'!  cc. 

12.   i  ;  2.  13.  3-4  ins.  15.  8'66  knots. 

16.  Breadth  =  0-577  ft.  17.  Breadth  =  6  ins. 

18.   16  in  series;  current  =  0-7  amperes.  19.   1-5  ohms. 

20.  5-55  amperes.  23.  31°.  24.  3*.  ^d. 

EXAMPLES.  —  LXX.    (Page  235.) 

1.  3  minimum,  ^  maximum.  2.  4  minimum,  —  I  maximum. 

3.  2  maximum,  7,  o  minima.  4.   I  maximum,  —1,4  minima. 


EXAMPLES.— LXXI.     (Page  236.) 

'  I'                           '  I'  '  «"+!"• 

5.  <»*.                      6.  4^*.                      7.  p*.  8.  ?<**. 

b 

9.  sin  x.                                10.  sin  (3*  +  i).  11.  £  sin  (3.*  +  i). 

12.  |  sin  (3*  +  l).                   13.  |-  sin  (Ar  +  f).  14.  cos  x. 

15.   —  cos  x.                           16.   —  cos  (2*  —  3).  17.    —  £  cos  (2*  —  3). 

18.  -  |  cos  (2x  -3).           19.  -j-cot  (fer  +  r).  20.  -  |— . 

21.  log.  (*  +  5).                    22.  log.  x.  23.  A  log.  (x  +  *). 
24.  £±-.                         25.  i  loge(2*  +  5). 

EXAMPLES.— LXXII.     (Page  238.) 


11. 

~TZ-                      *•    VStr    •                °-     ~~      .  .  ^    Q'13 

ex.              12.  -.              13.   -  -i. 

7                          2./ 

.      f.   4*.                       AW.  jr. 
14.  log.  «.              15.  -  JL. 

1R 

iw'            17              ' 

18    2/Ju               19    —       * 

J.O. 

20. 

2_.       21.  5  log.  z/. 

oo                               OQ    2  J* 

"*-*-     .     .         .                     AO.    itc     , 

*+  I 

24. 

—    ^  .       25.  I*?4'. 

26.  —  i'i3<r~1'1». 

l 

27. 

-2£-<               28.   -cos(*-3). 

4 

29.  sin  (^  -  2). 

30. 

—  2  sin  (i  —  x).     31.   —  2  cos  u. 

32.  3  sinj/. 

33. 

|  sin  (3*  +  2).        34.   -  |  cos  (zx  -  i). 

35.  -  0-482  cos  (2-7^  —  1-5708). 

36. 

-  0-52  cos  (2-56  +  6). 

87.   -  0-76  sin  (i  —  3»). 

38. 

-  A  cos  (2»//  +  4 

2»/ 

39.   -  sin  (rqt  +  e). 
f 
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40.  ;  2«*».        41.  .  42.   - 


43.  —  /»*'*  44          +£  45    2      +  f 

(i  -7)^-1  32'  43* 

«•  ,7^4^  =  ^V  «.  -  ^  >f  l*  -  .  S* 

48.  £*.  49.  **  +  x*  -  x  +  C.      50.   -  cos  zx  +  4*  +  C. 

51.  *»*  +  5*  +  C.  52.  log.  (i  +  *)  +  0-3*'  -  £  cos  (3*  +  i)  +  2'd*  +  C. 
53.  ^  -  *2  -f  4*.  54.  /«  -  /'  +  /*  -  /. 

55.  t*  +  2?  -  $t.  56.  0-33**  +  I'S*2  -  I74*3'3  -  2^. 

r*         fl'J  I  /if*         2^       3 

57-  ^  -  h  ~  r°3'a+  ?  "  5'-        68>  °'435j2'8  ~  T  +  ?  •  +  "• 

59.  I**  +  j  cos  (f  +  du)  +  -  sin  (a  +  «<)  +:2'3i<r1'3u  -  <*»«. 

60.  ^cos(3-3^)  +  ^25«-2-6w--Flog^-i^A          61. 

t  °  o 


62.  =  3«J  -  6« 

a«  •4 

63.  ^  =  i*'  +  5*  +  C  ;  y  =  -fc  x1  +  f  *  +  Cx  +  D. 

W 

64.  p»  =  C.  65.  >  =  - 

Ml  Jf3 

66.  ^  =  -  -T7T  (6/  V  -  4/*»  +  4r4).  67.  y  =  -  +  C  where  C  is  any  constant. 

2411.1  3 

68.  tan  x.  69.   -  cot  x.  70.  -  cosh  (or  +  0)  ;  -  sinh  (^  +  b). 

71.  y  =  *2  +  3*  -  2.  72.  f  -  f  cos  2/. 

EXAMPLES  LXXIII.     (Page  242.) 

NOTE.  —  The  accuracy  attained  in  graphic  integration  varies  with  the  character  of 
the  data  and  the  scale  used. 

1.   i7'45.  2.  2418,  860.  3.  8,  80,  360,  1050,  2550.  4.  337. 

5.  142-9.  6.  1528.  7.  660-4.  8.  426. 

EXAMPLES  LXXIV.     (Page  246.) 

1.  129,500  ft.  -Ibs.  2.  221.  3.   199. 

4.  235.  5.  337  ft.-lbs.  6.  12-3  ft.  per  sec. 
7.  280  ft.  ;  100  ft.                      8.  24-2  ft.  per  sec  ;  18-25  &.  per  sec. 

9.  194-5  l^3'  ;  265  Ibs.  10.  20-0406.  11.  27-0238. 

EXAMPLES  LXXV.     (Page  253.) 

1.  48-4.  2.  2-303.  3.  i.  4.  5-16. 

5.  0-7854.  6.  3-1416.  7.  303.  8.  9. 

9.  0-3927.  10.  0-0737.  H-  i'57i-  12-  0667. 

13.  0-848.  14.  20,720.  15.  12,300.  16.  o. 

EXAMPLES.  —  LXXVI.     (Page  257.) 
3.  24. 

EXAMPLES.—  LXXVII.     (Page  263.) 

1.  6-09;  4-40.  7.  loo  ft. 

9.  (a)  9-7  ft.  per  sec.  ;  (6,  20  ft.  per  sec.  ;  (<r)  21-4  ft.  per  sec. 


45° 
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10.  13-9  ft.  ;  78  ft.  ;  140  ft. 
19.  3000  Ibs. 


16.  79-5  Ibs. 

20.  20,000  in. -Ibs. 


18.  79-5  Ibs. 

21.  i -45  x  icr*  in. 


EXAMPLES.— LXXV1II.     (Page  272.) 


1. 

6. 

2r33. 

Si- 

2. 

7. 

156- 

3. 
8. 

-7'5- 
6-583. 

4. 
9. 

3- 

5. 
10. 

-3- 
I 

11. 

13-22. 

12. 

396. 

13. 

4-05. 

14. 

0-81. 

15. 

1-718. 

16. 

4-671. 

17. 

o 

•468. 

18. 

0-4295. 

19. 

3-I945- 

20. 

5-I54. 

21. 

1-656. 

22.  12-778. 

23. 

I  -298. 

24. 

0-4323. 

25. 

-3-1945 

26. 

-0-4323- 

27. 

i 

•62. 

28. 

0-6847. 

29.    O-COOO22I. 

30. 

1-7071 

31. 

-0-134. 

32. 

0 

•6628. 

33. 

—  1-8192. 

34. 

0-5. 

35. 

0-2929 

36. 

I- 

37. 

o 

•5858. 

38. 

0-402. 

39. 

o. 

40. 

0*5402 

41. 

1-382. 

42. 

o. 

43. 

I. 

44. 

0-0784. 

45. 

0-3817 

46. 

0. 

47. 

o. 

48. 

20-794. 

49. 

51-0. 

50. 

60-825. 

51. 

O-693I. 

52. 

o 

•1256. 

53. 

sV 

54. 

—0-223. 

55. 

0-0835. 

56. 

0-5IIO. 

57. 

0 

•599- 

58. 

452-5. 

60. 

7812-5  ;  mean  value 

=  1562- 

5- 

61. 

1- 

62. 

4'5- 

63. 

-i- 

64. 

9 

•6. 

65. 

I. 

67. 

268-2. 

68. 

0-5. 

69. 

0-375. 

70. 

1612  ft.-lbs. 

71. 

7730  ft.-lbs. 

72. 

1  1  880  ft.-lbs. 

73. 

2 

•67  ft. 

74. 

Velocity  =  < 

3'I  (/  -f  P  —  /*)  ;  0*0625  ;  o'l. 

76. 

Bending  moment  = 

lOOO*  +  IOOA2. 

77. 

rjQ 

dy 
-j-  =  0-25  .  i< 
ax 

,/*» 

+  5-^2- 

$000] 

6    ) 

5000.* 

J     I 

—6  /  " 

3 
i-4 

to. 

y  =  0*25  •  10 

i  ?. 

•       7 

6 

+        12       )' 

45  • 

. 

79 


797  log.  £  -  (/,  -  /,) ;  (tt  +  797)  log.  £  -  M  -  J-j  V,  +  797). 


1.  1-33- 
5.  0-632. 


12.  o. 

16.  54-9. 

19.  i -27  Ibs, 
24.  1-41. 
28.  0-707. 

/E 


81. 


»  +  T 


EXAMPLES.— LXXIX.     (Page  278.) 

2.  1-15.  3.  0-5. 

6.  1-175.  7.  1-175. 

10.  16"!  ft.  per  sec.  ;  96-6  ft.  per  sec. 
13.  ~  .  14.  o. 


4.  0-945. 
8.  1-718. 

11.?. 

w 

15.  o. 


17.  85  Ibs.  per  sq.  inch.    18.  884  Ibs.  per  sq.  foot. 

20.  —  •  21.  o,  o,  2-545.        22.  100,707 1. a 


25.  3-53. 
29    A. 

-N/2 


26.  2-12. 
30.  70-7. 


27.  0-707. 


/A8  +  B*  oq          /A»  + 

lv-ir'   33V-a 
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1.  s-a,  18°  E.  of  N. 
4.  2-3,  10°  E.  of  S. 


EXAMPLES.— LXXX.    (Page  286. \ 

2.  3-4,  26°  N.  of  W. 
5.  3 '4,  39°  S.  ofE. 


3.  5-6,  31°  S.  of  W. 


EXAMPLES  LXXXI.     (Page  287.) 


1.    S' I2ioO°.  2.    8-0976-60. 

5.    Q-23370.  6.    O. 

9.  5^.  10.  7-945,  35-6°  N.  of  E. 

13.  517°  with  AB  ;  83-9  units. 


3.  13-96°. 

7.  10-25818°. 

11.  32-721924°. 

14.  I400140o. 


4. 

8. 

12. 


EXAMPLES.— LXXXIII.     (Page  292.) 


1.  0-2337°.  2.  13-96°.  3.   lO'Seo1. 

5.  4-0814-8°,  6-891045°.     6.  259-249°.  7.  21-3285°. 

8.  125-2  ft.  per  sec.  at  an  angle  of  46°  with  BA. 


4.  1-1951317°,  2-823235 


1.  (0-376, 


EXAMPLES.— LXXXV.    (Page  295.) 
2.  (12-5,  40°). 


1.  4'33- 

5.  2-5. 

9.   14-09. 
13.  -9-36. 
17.  29-343. 
20.  33506  ft.-lbs. 
23.  3-17. 


EXAMPLES.— LXXXVI. 

2.   -4'33- 

6.  2-5. 
10.  o. 
14.   -7-1. 

18.  148,  -  148,  -  148,  i< 
21.  0-824  H.P. 
24.   12-96. 


.     (Page  298.) 

3.   -4'33 

4.  4'33- 

7.  -2-5. 

8.   -2-5. 

11.  5'29- 

12.   -8-1  1 

15.  o. 

16.  12-47. 

19.  -106-1  1-466; 

o  ;  —  n8'6. 

22.  7-23  H.P.  ;  o. 

1.   19-35  5  8-2. 

4.  o;  19. 

7.  -19-65;  -13-77. 
10.  —26-3;  12-25. 
13. 


EXAMPLES.— LXXXVII.     (Page  300.) 

2.  8-2  ;  19-35. 

5.   —13-1  ;  61  6. 

8.   12-66  ;  -  3479. 
11.  2-9222-2°. 
14.  5-69214-8°. 


3.  22-62. 

6.   -61-6;  13-1. 

9-  34795  -12-66. 

12. 

15.  6- 


EXAMPLES.— LXXXVIII.     (Page  301.) 


1.  27-9  Ibs.,  21 -06  Ibs. 

3.  -33-45  Ibs.,  -10-23  Ibs. 

5.  42-434-450  Ibs, 

8.  io"6  miles  an  hour. 

10.  1739  ft.  per  sec. ;  466  ft.  per  sec. 


2.    -317  Ibs.,  14-8  Ibs. 
4.  23-85  Ibs.,  -25-6  Ibs. 
6.  210-942-3°  Ibs. 
9.  0*5  ft.  per  sec. 
11.  523  Ibs. 


7.  448  Ibs. 
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EXAMPLES. — LXXXIX.     (Page  303.) 
1.  a  +  b  =.  6*46  ;  c(a  +  6)  =  247. 

EXAMPLES. — XC.    (Page  304.) 

11.  S75io9°  Ibs.  12.  87359-4°.  18.  500209°. 

14.  Length,  390  links  ;  angle  80°  ;  distance  from  F  =  380.          15.  560  links  ;  90°. 

EXAMPLES. — XCII.    (Page  310.) 

1.  (a)  7970  j  (b)  5657  ;  (c)  697-6.      2.  (a)  17,540  ;  (£)  15740  ;  (<:)  12,280  ;  (</)  628-3, 
3.  10845.  4.  63-77.  5.  19272.  6.  i  :  077. 


EXAMPLES.— XCIII.    (Page  313.) 

1.  6-237.  2.  34-25.  8-4.  32-2.  5-8.  7-22. 

9.  0*0652  volt.        10.  2003  dynes. 


EXAMPLES. — XCV.     (Page  320.) 

1.  2-36;  2-28;  2-29.  2.   1-13;  1-40;  2-40.  8.   —  ro6;  1*84;  2-12. 

4.  1705;  1-53  j  3-28          5.  2-42;  0-695;  J'97-          6.  0-530;  0-883;  I71- 
7.  0-719;  1*06;  1-53.          8.   1-06;  I'o6;  2'6o.  8.  0-758;  0-970;  1*58. 

10.  o'533 ;  0-682  ;  —  0-500.  11.  o ;  —  I  ;  o. 

12.  —  1-40;  2-25  ;  1-41. 


EXAMPLES. — XCVI.     (Page  321.) 

1.  10-247;  60-8°;  26-5°.       2.  n-88;  70-3°;  26-5°.         3.  4-9;  114?;  26-5°. 
4.  9-64;  58-8°;  14-1°.  5.  1077;  42°;  337°.  6-  1735  547°;  45°- 

7-  374 ;  74'5  5  -  337°.        8-  7'8i ;  67-1°  ;  33-7°.  8.  25-475  ;  54° ;  29°. 

10.  8-775;  70°;  -  14°  11.  13;  108°;  -  14°. 


EXAMPLES.— XCVII.     (Page  324.) 

1.  /=  0*912,  m  =  0-342,  «  =  0-228  ;  a  =  24-2°,  £  =  70°,  y  =  76-8°. 

2.  54-2°  with  Ojyz  ;  18-9°  with  Ozx  ;  29°  with  Oxy  ;  3-61. 

3.  0-384;  0-512;  0-768.  4.  8-60  ins.  ;  69-5°;  62-3°;  35-5°. 
5.  /  =  0-652  ;  m  =  0-528  ;  «  =  0-545.          6.  a  =  407°;  ft  =  77-5°  ;  7  =  52°. 

7.  a  =  74-6°  ;  )8  =  63-8°;  7  =  31°.  8.  3-83.  8.  1-85  ;  1-99  ;  i  27. 

10.  1812;  1-375;  *'6S5.  11.  66-2°.  12.  36-3°. 

13.  48-3°.  14.  40-3°.  15.  38-7°. 


Answers  to  the  Examples  459 


EXAMPLES.— XCVIII.     (Page  325.) 

1.  4-12;  0*485;  0728;  0-485.  2.  5-38;  0744;  0-372;  o-S58. 

8.  2-45  ;  0-817;  0-408;  —0-408.  4.^4-36;  o'688  ;  0*229;  o'688. 

5.  3 ;  0-667 ;  0-333 ;  0-667.  6.*73° ;  2-97 ;  i'1? ;  2-41. 

7.  3'97;  a''?;  3-41-  8-  "'Si:  5'57;  7'47- 


EXAMPLES.— XCIX.     (Page  327.) 

1.  61°;  43-25°:    61°;    41-9°;    68-15°;    57'45°  >    35'2° ;    65-9°;    65-9°;    46-5; 
76-75° ;  46  5°- 

2.  3-605;  4-54;  2-237;  3-161.  3.  3742;  53°.  4.  4-123.  5.  5. 
6.  3742.                                                7.  46-7° ;  29-0°.         8.  29-0° ;  3-605. 

9.  3-54  on  Qyz  ;  4*55  on  Ozx ;  4*10  on  Oxy. 


EXAMPLES.- C.     (Page  329.) 

1.  21°.        2.  35°.  3.  36° ;  0-620.  4.  25°.  5.  32  3°. 

6.627°.     7.  33-3°;  2-08;  98-3°;  16-25°;  76-1°.  8.72.  8.217°. 


EXAMPLES  — CI.     (Page  333.) 

3.  i'S37 ;  31° ;  50° ;  59° ;  4°°-       *•  2-45 ;  72-2° ;  60-7° ;  35-2° ;  54-8° ;  607°. 

EXAMPLES. — CII.    (Page  334.) 
2.  In  Oxy  x  =  l'36,  y  =  2-19  ;  in  Qyz  y  =  6,  *  =  —  3  ;  in  O*JT  i  =  171  ;  x  =  2-14. 

EXAMPLES.— C  III.     (Page  335.) 

1. 12-3°.  a.  21°. 

EXAMPLES. — CIV.    (Page  337.) 

1.  23,570  cub.  ft          2.  1656  Ibs.  3.  28,250,000;  17,200,000. 

4.  2-12  X  io»  ft.  Ibs.  5.  4,900,000  gallons. 
6.  38,500  cub.  ft.  ;  430  tons.                    7.  38,100  cub.  ft. 


EXAMPLES. — CV.     (Page  342.) 
2.  88  ci 

e.  245- 

10.     —{<*•<»-<>!  -  i}.  11.    6-28. 

in   l  * 


1.  377  cub.  ins.  2.  88  cub.  ins.  3.  109-1.  4.  100-5. 

5.  498;  67.  6.  245-1  cub.  ins.  8.  151.  8.  ir6. 
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EXAMPLES.— C VI.     (Page  344.) 

1.  470  cub.  ins.  2.  6230  cub.  ins,  3.  13-3  cub.  ins. 

*•  1S'4-  5.  16-3  cub.  ft.  6.  3iiolbs. 


EXAMPLES. — CVII.     (Page  350.) 

1.   i£  in.  from  base.  2.  x  —  o'6  ;  y  =  0-375.  3.  x  —  2-657  >  y—  I'6o7- 

4.  x  =  $  ;  y  =  ?.  5.  x  =  I -518  ;  y  =  0-565.         6.   x  =  15-43  ;  y  —  0-4. 

7.  x  =  -^— ^ j- —       ~  * >  y  —     '      — l  ^    — 2 . 

8.  0-628.  9.  1-875. 

10.  On  the  middle  radius  at  distance  §—  from  the  centre. 

11.  *  =  I -875;  J=  1-25- 

EXAMPLES.— CVIII.     (Page  353.) 
1.  ^  =  3-23.  2.  3-425.  3.  32-15.  4.  4-039. 

5.  2-95  ;  2'88.  "6.   1*7  ins.  from  bounding  radii.      7.  x  =  o;  y  =  —  • 

3* 
8.  On  the  line  joining  mid  points  of  BC  and  AD,  and  distant  0*192  ft.  from  AD. 

.EXAMPLES. — CIX.     (Page  355.) 

1.  2-62;  5  13.  2.  40-9';  28-9.  3.  44-3;  28-9. 

4.  On  the  middle  radius  at  distance  2-55  ins.  from  the  centre.      5.  o'H  in. 

EXAMPLES. — CX.     (Page  359.) 

1.  4-5  from  vertex.  2.  4-821  from  vertex.  4.  5*64  in.         6.  3-44  in. 

6.  If  =  2-249.  l.~x=  io§.  8.  ~x  =  6-82. 

EXAMPLES.— CXI.     (Page  361.) 

1.  Jr  =  5'28.  2.  #  =  4-56;  1-875  in.  from  centre.  4.   133  ft 

5.  91  ft.  from  water  level. 

EXAMPLES.— CXII.     (Page  363.) 

1    3175  Ibs.  2.  200  cub.  ins.  4.  359  sq.  ins.  ;  116-5  cub.  ins. 

5.   107 '8  Ibs.  6.  3-43  Ibs. 

EXAMPLES.— CXIII.     (Page  366.) 

1.  85-2  ft. -Ibs.  ;  4-59  ins.  2.  M — - — . 

8.  0-326.  taking  engineering  unit  of  mass  ;  i/'SS  ft.-lb*.  4.  0-994. 
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EXAMPLES.—  CXIV.     (Page  368.) 

1.  2-12  ins.        2.  5-5*.        3.  5-55.        4.  2-42.        5.  48-33.        6.  6130  ft.-lbs.  ; 
6i5oft.-lbs.  7.  0-0203. 

EXAMPLES.—  CXV.     (Page  371.) 
1.  702.  2,  330. 

EXAMPLES.—  CXVI.     (Page  374.) 

1.   anx*-*y«  ;  amxnyn-1.  2.   abyj"*  •  abx?**  ;  ab<**+1*  •  act3"*'*. 

3.  ab  cos  (he  +  cy)  ;  ac  cos  (bx  +  cy)  ;   -  ab  sin  (bx  +  cy)  ;  -  ac  sin  (bx  +  cy). 


e  ^ 


EXAMPLES.—  CXVII.    (Page  377.) 

1.  38-08  Ibs.  per  sq.  ft.  2.   -4'4l0-  3-  °  °7o5  cub.  ft. 

4.  Sx  =  r  cos  6  cos  <£50  —  r  sin  0  sin  <f>S<f>. 

EXAMPLES.—  CXVIII.     (Page  379.) 

-  6>  ;     —  6^"  +  I2y2  ; 


2.  6  cos  (2*  +  3^)  —  aj'^*"  ;  9  cos  (2*  +  3>0  —  2T^"  ;  —  12  sin  (2x  +  3^)  — 
—  27  sin  (2r  +  3;  )  —  2^V^  ;  —  18  sin  (2.v  +  37)  —  zxytf  —  2e*y. 


EXAMPLES.—  CXIX.     (Page  382.) 

.    x  .  sin  zx  I  x  —  2 

1.  -  +  —  .  2.  39-09.  3.  ^tan-  -^  . 


4.  iog.  5.  i  tan-i  6. 

2-S/29          2JT  + 


8-  -  fr  -  y  log  (2x  -  3).  9.  -3^-3  log  -  ~- 

~ 


EXAMPLES.  —  CXX.     (Page  385.) 
1.    -  log  cos  x.  2.  log  sin  x.  3.  log  tan  (  -  +  -\ 

4.  log  (**  +  x  +  5).  5.  3  log  (*'  +  x  +  5)  +  -±=  tan-i  2±7L±  . 


6-  i  log  (*>  +  *  +  5)  -  -^=  tan-i  ^.i1  .  7. 


V 19  Vi9   '  '  3  cos3  x' 

8.  i  sin8  jr.  9.  J  tan4  *.  10.    — *. 

4 

12.  f  log, f  +  ^1  tan_! V_5.      13<  3  j     (-xf  +      _   }  _ _i^ 

2" 
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17.    -^=  tan-!{V2  sin  *).  18.  §.  19.  log  cosh  *.  20.  63-33. 

V2 


22.  log  (x  -  i  +  N/*2  -  2x  -  8).  23.  sin-1— |-. 

EXAMPLES.— CXXI.    (Page  387.) 

1.0-511.  2.  logej^.  3.  log.(*+i)(jf  +  6)t. 

4.  log  (x-  i)  +  log  (*  +  2)  -  2  log  (*  +  3)- 

5.  log  (*•  -  3)(jc  +  2)  -  2  log  (2*  +  i).         6.  log  (*  +  i)  +  2  log  (x  -  2)  -  -1-j. 

7.  2  log  (*-!)  +  log  (x  -  4)  +  4  log  (*  +  3)  -  ^-j . 

8.  1-5  log  (2x  -  i)  +  log  (x'-  +  3*  +  4). 

9.  3  log  (x-z)~  f  log  (j;2  +  *  +  3)  +  -J=  tan- 

VII 

EXAMPLES.— CXXII.     (Page  389.) 

x*  x* 

1.  *  sin  x  +  cos  #.    '  2.  —  r-ar(i  +  A-).  3.  —  log  x . 

2  4 

^•3  ]QOT    /£  y^ 

4.  0-675.  5.    — -^ — .  6.  (x*  -  2x  +  2)e*. 

7    . ?£* A-<~?^     8^  =  1          9   2  COS  3^  +  3  sin  3*  , 

'(^  +  4?>V  7'  13  fc  J6* 

EXAMPLES.— CXXIII.     (Page  393.) 

1.  jy  =  o-25£to.  2.  _y  =  *1*.  3.  0-69  sees. 

4.  £112-49;  £112-616;  £112-678;  £112-75.  5.  0  =  2o<?-0>008'. 

_  t 

6.  T  =  25,?0'055''.         1.  q  =  fae~KR,  where  ?„  is  the  initial  charge  ;  in  15  .  io~s  sees. 

8.  i  =  ite   T ,  where  *'„  is  the  current  when  t  =  o. 

EXAMPLES.— CXXIV.     (Page  394.) 

2.  y  =  Ae*  -  3.  3.  y  =  A^  -  3.  4.  y  = 

5.  y  =  Aeex  +  l  J.  6.  /  =  —  (^  i  —  e~^J  ;  14  amps. 

•7    r-  EL? 

i  •  \s  =  ~~ t 

v  R2  +  L2?8 

EXAMPLES.— CXXV.     (Page  399.) 
1.  8-6  sees. 

EXAMPLES.— CXXVI.     (Page  405.) 

1.  y  =  A!*"*  +  A.^~ix.        2.  y  =  Ate*  +  A^4x.  3.  y  =  j 

4.  y  =  (A  +  Bx)<r**.  5.y  =  A<r"  sin  (x  +  B).          Q.  y  =  A  sin  (4*  +  B). 

7.  x  =  a  sin  — =  ;  0-39  sec.  8.  x  =  A*-1'2*  sin  (I575/  +  B). 

i>J  mh 


9. 

(a)  ,  =-  AI 
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EXAMPLES.— CX XVII.     (Page  409.) 

(o-8/  +  B)  +  4.  2.  y  =  -|,-^  -  £  -f  A,^  +  A2^. 

3.  JT  =  A<f  f'  cos  (0-866*  +  B)  +  O'o66  sin  (3*  +  1-438). 

4.  ?  =  0-6005  +  7'25  •  io-V-8«5-i<>4«-57-25  .  IO-5^-M25.io4t  coulombs. 
g  =  0-0005  -  o-ooo  707^°4<  sin  (loV  +  B)  coulombs. 


EXAMINATION  PAPERS. 
1901.     (Page  410.) 

1.  7-44;  0-01255;  5'68;  1546.  2.  1-69;  -0-299;  -i'43-  10- 

3.  See  p.  127.  4.  «  =  0*87. 

5.   10,360  cub.  ins.  ;  6  cub.  ft.  8.  329-8  sq.  ins.  ;  o'i  per  cent. 

9    *  =  1'35  !  y  =  370  ;  *  =  3'08;  a  =  74-4°  ;  $  =  47-2°  ;  y  =  52°. 
11.  See  p.  174  ;  57-5  Ibs.  13.  sCi/0"2;  C  log.  v. 


14    ™        -  a  ...  T-.T 

-     —-?  -  .  15.  h  =  -  p  ;  j  =  -y. 
26  7  —  r 

16.  T  =  40/i1'"  ;  V  =  I400/&1'*.  17.  A  =  2044/1°  «  ;  8V  = 
18.  «  =  260  ;  R  =  0-882. 


1902.  (Page  412.) 

1.  3-123;  1704;  1-722;  0-0198.         3.   — 1-2  +  0-4.*.         4.  3675;  2810;  2870 

6.  U  =  0-I9C  -  0-22  ;  c  =  5-265  +  0-0833^..  6.  P  =  31^77. 

7.  3J  per  cent.  8.  8*15  ins.  ;  4-65  ins. ;  3-68  per  cent.  ;  44-5  cub.  ins. 

9-  7'4775  S'98?  S'o;  4'3i9- 

11.  r  =  3-904  ;  0  =  39-8°  ;  0  =  36-8°  ;  o  =  59- 1°  ;  $  =  67-4°  ;  y  =  39-8°. 

12.  See  p.  234.  13.  V  =  3  sin  (6oo/)  +  2-4  cos  (6oo/)  ;  +  10  ;  +  3-84. 
14.  See  p.  142. 

1903.  (Page  414.) 

1.  284-65;  2817;  4-5710;  1-5710;  2-5710;  3-339;  1-930;  1768000;  11-03. 

2.  (a)359S;  (*)  -9'8o8;  (c)  32.        3.  1-24;  0-604;  2-348;  3-579. 

4.  33600  cub.  ins.  ;  305  sq.  ins.  5.   i'22i.  6.  Yes;   14*8  X  10*. 

7.  4'35  ins.  per  annum  ;  loj.  8.  Anything  up  to  £16. 

9.  yx1™6  =  480  ;  22-4.  10.  3-94  cub.  ft.  ;  1687  sq.  ins. 

11.  OP  =  3-09,  OQ  =  2-47,  PQ  =  1-15  :    angle  POQ  =  20-1°. 

12.  See  Chapter  XXVI.  14.   io6'2. 
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1904. 

(Stage  2.)     (Page  418.) 

1.  0-3106  ;  37-32  ;  1-558  ;  1-694  ;  0-5900. 

2.  17-2  ;  0-2960  ;  1-7465  X  io-u;  8-41. 

3.  3'53i  5  8'4S4  ;  4'546  5  8-67  ;  4-61  ;  ior8.  4.  2-13. 
5.  D  =  29860 ;  C  =  7526  ;  V  =  24  ;  P  =  71680.  6.  27-6°. 
7.  T  =  40A1'46  ;  D  =  i4oa41-«.  8.  8-625. 

9.  W  =  i6K  +  4300  ;  w  =  "12°°  +  16  ;  20-3  ;  30-3. 
11.   13880  ;  38-568  ;  6-428. 


(Stage  3.)     (Page  420.) 

1.  0*03106  ;  373-2  ;  1-521  ;  0*5900 ;  0-9563  ;  -0-8480  :  2-7475. 

2.  0-1774  5  0-1777  »  0-2  per  cent.  3.  223-3  ;  12  yrs. 
6.  2-91  ;  4-535  ;  3-067  ;  60-3°;  57-3°.  7.  A  =  iSoo^0"6. 
8.  W  =  5070  +  7-2Y. 

10.  am  +  n,      ;  0-0718  ;  5-72.  11.  |a  ;  |a. 

13.  A  =  0-32850  when  x  =  I. 

1905. 
(Stage  2.)     (Page  423.) 

1.  (a)  0-06225  ;  40-55.     (6)  0-5105  ;  39  83  ;  0*02511. 

2.  (a)  1-221  ;  I -221  ;  4  terms.  (3)  — il- -.-I-—. 

(t)  5-06  ;  7*48.  (d)  25°  ;  13-69  ft.  ;  5-78  ft. 

3.  At  I  and  3-05  miles  respectively.     4.  36-8°;  75*7°  ;  56*3°. 

5.  670,000.  6.  2*696  ;  1*387  ;  iri8  ;  14*83  ;  2173  ;  5604. 

7.  6-248  sq.  ins.  10.   16  ins.  ;  366-5  cub.  ins. 

12.  2-35.  13.  -    -  +  3-T2-  12-6  knots. 

14.  2-3  ;  2-8  ;  500  ft.  per  minute. 

(Stages.)     (Page  425.) 

1.  (a)  0-006225  ;  0-002466  ;  (6)  3*857  ;  0*8753  '  (d)  —0*9613 ;  —0-5592  ;  0-2308  ; 
13°;  145°;  104°. 

4.  15-7  knots  relative  to  the  water.  5.   1-0914  ;  0-5286  ;  112-3. 
7.  50-26  sq.  ins.  9.  o'Soi  (seep.  181). 

10.  360-6  sin  (6oo/  +  0*983) ;  56-3°. 

11.  d=  10-  4*;  ir{2<; 


r 

12.  h  =  C -..  13.  2-2  for  first  four  observations  ;  4-3  for  last  three. 

2gr' 

14.  654;  3180  ;   14270;  7-85  :  14*4;  20-9. 
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1908. 

(Stage  2.)     (Page  429.) 

1.  (a)  0-1917;  453-5  ;  ((5)o-82i2;  (^27-49;  5-923;  0-2749;  0-1276;  (<f)  116-5. 

2.  (a)  9-78  ;  6-54  ;  (b)  4-04  inches  ;  0-41  inches  ;  (<r)  6-74  inches  ;   14-84  inches  ; 
(d)  (x  -  5'69)(*  -  3-23). 

3-  (a)   —33*6  ;  39-9  ;  (6)  6  Ibs.  ;  (c)  2*25  ;  1800  ;  800. 

4.  v.    Question  13,  Stages.  5.  0-45.  6.   ri8. 

9.  ,(.8  -  a)  4-  ^-'')  +  ^'-tt'>  ; 


11.  26  ;  30-2.  12.  F  =  26or  —  20  ;  Error  0*5. 

13.  5(20  +  /*);   5j£?_M).  l8o  -  9/4. 

rt 

(Stages.)     (Page  43  1.) 

1.  (b)  49-85;  W  -o-454o;  -0-5446;  -07002;  (,/)—  J-^  +  __pL_. 

20.800 

2.  0-977.  3.  W  =  I5'3K  +  20,800  ;  w  =  15-3  H  --  ^  —  • 

•r*  /W/2  \ 

6.  S  =  -uix  +  W  -  7t//;  M  =  «/-  +  (W  -  wfyc  +  /  —  -  W/J. 

</•;     wx3  ,  W-o/7  „  ,  /w/2         ,V  a;.*4  ,  W  -  wl  ,  ,  /wP       .,r,Vt* 

:r  =  -f—  -1  --  ^-  +(  --  w/  F  ;  y  =  --  --  2  -  •*  +1  —  •  —  W/  )—  . 
</jr      6c          zc  \2  )t    *      *qt  6c  \  2  J2c 

7.  /  =  {^^-kh  +  A^F*  ,  where  k  and  A  are  constant  ;  /  =  (^-7-^  + 

8.  15-2  knots.  9.  a  —  10-24;  b  =  16-38;  c  =  1*554;  area  =  73-05. 

-IT     <*b 

11.  —  cos  c. 

2 

13.  (vp.  225)  -  I  ;  -/';  +  I  ;  /;  5-07  +  2-95*'  ;  0-707  +0-707;;  0-707  -0707*; 
5  87  sin  (qt  +  0-528)  ;  (v.  Ex.  i,  p.  42)  sin  (qt  -I-  0-7854)  ;  sin  (yt  —  07854). 

14.  0*0012977,    sin    ($•/+  0-1108).       Multiply    numerator    and    denominator    by 
V>"  —  ilq  and  proceed  as  in  Ex.  13. 


1910. 
(Stage  2.)     (Page  433.) 

1.  (a)  0-005536;   (i>)  4-232;    (c)  981-25;    (rf)  4'5%. 

2.  (a)  ir/(D-/)/;  3-64.     (<J)  48,000  sq.  ft.  ;  12,000  tons,     (c)  -.     (</)   f88o. 

4 

3.  (a)  3-53;  9'i  ;  17,000.     (t>)  0-0089.     W  15, 460  miles;  644  m.p.h. 

4.  520  X  IO3  sq.  ft.  ;    535  X  io3  sq.  ft.  ;   535  io3  cub.  ft. 

5.  a  =  0-0005  5   (^)  776  ft.        6.   1-510.        7.   14-73  f<s* ;  towards  29°  S.  of  E. 
8.  y  =  22  +  0-94*.  10.  0-042  ;   0-42.  11.  67-78. 

12.  4i;    io.  13.  2-5;   -i. 
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(Stage  3.)     (Page  434.) 
1.  (a)  0*005536  ;_(£)  0*2363  ;  (c)  0-996  ;  0-526. 

2./V/W;  2*//;   6<6;    36'4'  3    I 

6.  Forced  vibrations  are x=o  357  sin  (r6/— 1-029),  and  JT  =  O  250  sin  (2'4/-  1-116) 

8.  0-65.  9.  0-033. 

10.  y  =  in  —  0-87  cos  *  -f  0-34  cos  "it  +  9-95  sin  /  +  0-94  sin  ^t. 

11.  -4-68;  0-455;  4'22.  12.  1748;    -115-3;    1155. 


Lmver  Examination.     1913. 

1.  (a)  0-1659.     (b)  2-4506.     (c)  0-5736;  0-8192;    -0-7002.     (d)  23-43. 

2.  (a)  0*1021  inch,     (b)  38-35  sq.  ft.;  575*25  cu.  ft.     (c)  452*4  sq.  inches. 

3.  (a)  3-996  ft.     (b)  1046.  4.  (x  -  3*7)(*  +  1*2). 

5.  a  =  0*9524  ;  b  =  95*24  ;  6*9048  ;  3*207  ;   1*9048. 

6.  52.  7.  430  sq.  ft.  ;  1462  cu.  ft.  per  sec. 
8.  r  -  6*708  ;  8  =  41-8°  ;  $  =  26  6°.             9.  2-3. 

10.  y  -  lo^-273*.  12.  S*2  -  3  ;  9,  -  ii.  13.  41-4°.' 

Higher  Examination.     1913. 

1.  (a)  165*9.  (b)  1-050.  (c)  5(cos  306-85° +*  sin  306-85°)  ; 

7'8(cos  129-8°  +  i  sin  129*8°)  ;  —  0-639  +  O'328/. 

2.  o.  3.  7-51  ;  598.  4.  3-0;  41-4°;  64-6°;  60°. 
5.  y  —  3*o3^°'14ar ;  1700.  6.  \irr*. 

4<z  sin  5^  —  S*2  cos  5^ 


-     .  _ 

7.  *=  1-24;  «  =  5-5.  8. 
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,.    /»  /  In     \  ^       /-,«•  -. 

10.  v  =  v0e     V  si-*  s 


11.  aVbe  means  the  scalar  product  of  a  and  Vbc.     It  is  equal  to  the  volume 
of  a  parallelepiped  whose  edges  are  a,  b  and  c. 

12.  0-33407.  13.  (34'22,  58*5)  ;  22*9°. 


MATHEMATICAL  TABLES 

(A  copy  of  these  Tables   is  supplied  to  each  candidate  at  the  Examinations  of  tht 
Board  of  Education  in  Practical  Mathematics,  Applied  Mechanicst  and  Steam). 


USEFUL  CONSTANTS. 

i  inch  =  25*4  millimetres. 

I  gallon  =  0-1604  cubic  foot  =  10  Ibs.  of  water  at  62°  F. 

I  knot  =  6080  feet  per  hour. 

Weight  of  I  Ib.  in  London  =  445,000  dynes. 

One  pound  avoirdupois  =  7000  grains  =  453*6  grammes. 

I  cubic  foot  of  water  weighs  62*3  Ibs. 

I  cubic  foot  of  air  at  o°  C.  and  I  atmosphere,  weighs  0*0807  Ib. 

I  cubic  foot  of  hydrogen  at  o°  C.  and  I  atmosphere,  weighs  0*00559  Ib. 

I  foot-pound  =  1*3562  X  IOT  ergs. 

I  horse-power-hour  =  33,000  X  60  foot-pounds. 

I  electrical  unit  =  1000  watt -hours. 

.^  „  ...    TT    .     (  774  foot-pounds  =  I  Fahr.  unit. 

Joule's  equivalent  to  suit  Regnault  s  II,  is  ^Jg  foot.founds  =  ,  Cent.     „ 

I  horse-power  =  33,000  foot-pounds  per  minute  =  746  watts. 

Volts  X  amperes  =  watts. 

I    atmosphere  =  14*7  Ibs.    per  sq.    inch  =  2116   Ibs.    per   sq.   foot  =  760   mms.  of 

mercury  =  io*  dynes  per  sq.  cm.  nearly. 

A  column  of  water  2-3  feet  high  corresponds  to  a  pressure  of  I  Ib.  per  sq.  inch. 
Absolute  temp.,  /  =  0°  C.  +  2737°. 

Regnault's  H  =  606-5  +  °'3°5  e°  c-  =  lo82  +  °'3°5  e°  F- 
/H,n««  =  479. 

B       C 
log,./ =  6- 1007-  -  -^, 

where  log,,  B  =  3-1812,  log,,  C  =  5-0882. 

/  is  in  pounds  per  sq.  inch,  /  is  absolute  temperature  Centigrade. 

u  is  the  volume  in  cubic  feet  per  pound  of  steam. 
«•  =  3-1416. 
I  radian  =  57-3°. 

To  convert  common  into  Napierian  logarithms,  multiply  by  2-3026. 
The  base  of  the  Napierian  logarithms  is  e  =  2*7183. 
The  value  of  g  at  London  =  32-182  feet  per  sec.  per  sec. 
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112 

223 

•11 
•12 
•13 

1288 
1318 
1349 

1291 
1321 
1352 

1294 
1324 
1355 

1297 
1327 
1358 

1300 
1330 
1361 

1303 
1334 
1365 

130ft 
1337 

1308 

1309 
1340 
1371 

1319 
1343 
1374 

1315 
1346 
1377 

Oil 
Oil 
0  1  1 

122 
1  2  2 
122 

223 
223 
233 

•14 
•15 
•16 

1380 
1413 
1445 

1334 
1416 
1449 

1337 
1419 
1452 

1390 
1422 
1455 

1393 
1426 
1459 

1396 
1429 
1462 

1400 
1432 
1466 

1403 
1435 
1469 

1406 
1439 
1472 

1409 
1442 
1476 

0  1  1 
Oil 
Oil 

122 

122 
122 

233 

233 
233 

•17 
•18 
•19 

1479 
1514 
1549 

1483 
1517 
1552 

1486 
1521 
1556 

1489 
1524 
1560 

1493 

1528 
1563 

1496 
1531 
1567 

1500 
1535 
1570 

1503 
1538 
1574 

1507 
1542 
1578 

1510 
1545 
1581 

Oil 
Oil 
Oil 

122 
122 
122 

233 
233 
333 

•20 

1585 

1589 

1592 

1596 

1600 

1603 

1607 

1611 

1614 

1618 

Oil 

122 

333 

•21 
•22 
•23 

1622 
1660 
1698 

1626 
1663 
1702 

1629 
1667 
1706 

1633 
1671 
1710 

1637 
1675 
1714 

1641 
1679 
1718 

1644 
1683 
1722 

1648 
1687 
1726 

1652 
1690 
1730 

1656 
1694 
1734 

Oil 
Oil 
Oil 

222 
222 
222 

333 
333 
334 

•24 
•25 
•26 

1738 
1778 
1820 

1742 
1782 
1824 

1746 
1786 
1828 

1750 
1791 
1832 

1754 
1795 
1837 

1758 
1799 
1841 

1762 
1803 
1845 

1766 
1807 
1849 

1770 
1811 
1854 

1774 
1816 
185S 

Oil 
Oil 
Oil 

222 
222 
223 

334 
334 
334 

•27 
•28 
•29 

1862 
1905 
1950 

1866 
1910 
1954 

1871 
1914 
1959 

1875 
1919 
1963 

1879 
1923 
1968 

1884 
1928 
1972 

1888 
1932 
1977 

1892 
1936 
1982 

1897 
1941 
1986 

1901' 
1915 
1991 

Oil 
Oil 
Oil 

223 
223 
223 

334 
344 
344 

•30 

1995 

2000 

2004 

2009 

2014 

2018 

2023 

2028 

2032 

2037 

0  1  1 

223 

344 

•31 
•32 
•33 

2042 
2089 
2138 

2046 
2094 
2H3 

2051 
2099 
2148 

2056 
2104 
2153 

2061 
2109 
2158 

2065 
2113 
2163 

2070 
2118 
2168 

2075 
2123 
2173 

2080 
2128 
2178 

2084 
2133 
2183 

Oil 
Oil 
Oil 

223 
223 
223 

344 
344 
344 

•34 
•35 
•36 

2188 
2239 
2291 

2193 
2244 
2296 

2198 
2249 
2301 

2203 
2254 
23U7 

2208 
2259 
2312 

2213 
2265 
2317 

2218 
2270 
2323 

2223 
2^75 
2328 

2228 
2280 
2333 

2234 

2286 
2339 

112 
112 
112 

233 
233 
233 

445 
445 
445 

•37 
•38 
•39 

2344 
2399 
2455 

2330 
2404 
2460 

2355 
2410 
2466 

2360 
2415 
2472 

2366 
2421 
2477 

2371 

2427 
2483 

2377 
2432 
2489 

2382 
2438 
2495 

2388 
2443 
2500 

2393 
2449 
2506 

112 
112 
112 

233 
233 
233 

445 
445 
455 

•40 

2512 

2518 

2523 

2529 

2535 

2541 

2547 

2553 

2559 

2564 

112 

234 

455 

•41 
•42 
•43 

2570 
2630 
2692 

2576 
2636 
2698 

2582 
2642 
2704 

2588 
2649 
2710 

2594 
2655 
2716 

2600 
2661 
2723 

2606 
2667 
2729 

2612 
2673 
2735 

2618 
2679 
2742 

2624 
2685 
2748 

112 
112 
112 

234 
234 
334 

455 
456 
456 

•44 
•45 
•46 

2754 
2818 
2884 

2761 
2825 
2891 

2767 
2831 
2897 

2773 
2838 
2904 

2780 
2844 
2911 

2786 
2851 
2917 

2793 

2858 
2924 

2799 
2864 
2931 

2805 
2871 
2938 

2812 
2877 
2944 

112 
112 
112 

334 
334 
334 

456 
556 
556 

•47 
•48 
•49 

2951 
3020 
3090 

2958 
3027 
3097 

2965 
3034 
3105 

2972 
3041 
3112 

2979 
3048 
3119 

2985 
3055 
3126 

2992 
3062 
3133 

2999 
3069 
3141 

3006 
3076 
3148 

3013 
3083 
3155 

112 

112 
112 

334 

344 
344 

556 
566 
5      6      e 

Mathematical  Tables — Ant/logarithms 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1  2  3 

456 

789 

•50 

3162 

3170 

3177 

3184 

3192 

3199 

3206 

3214 

3221 

3228 

113 

344 

567 

•51 
•52 
•53 

3236 
3311 
3388 

3243 
3319 
3396 

3251 
3327 
3404 

3258 
3334 
3412 

3266 
3342 
3420 

3273 
3360 
3428 

3281 
3357 
3436 

3289 
3365 
3443 

3296 
3373 
3451 

3304 
3381 
3459 

122 
122 
122 

345 
345 
346 

567 
567 
667 

•54 
•55 
•56 

3467 
3548 
3631 

3475 
3556 
3639 

3483 

3565 
3648 

3491 
3573 
3656 

3499 
3581 
3664 

3508 
3589 
3673 

3516 
3597 
3681 

3524 
3606 
3690 

3532 
3614 
3698 

3540 
3622 
3707 

122 
122 
123 

345 
345 
345 

667 
677 
678 

•57 
•58 
•59 

3715 
3802 
3890 

3724 
3811 
3S99 

3733 
3819 
3908 

3741 

3828 
3917 

3750 
3837 
3926 

3758 
3846 
3936 

3767 
3855 
3945 

3776 
3864 
3954 

3784 
3873 
3963 

3793 

3882 
3972 

123 
123 
123 

345 

445 
455 

678 
678 

678 

•60 

3981 

3990 

3999 

4009 

4018 

4027 

4036 

4046 

4055 

4064 

123 

456 

678 

•61 
•62 
:63 

40T4 
4169 
4266 

4083 
4178 
4276 

4093 
4188 
4285 

4102 
4198 
4295 

4111 
4207 
4305 

4121 
4217 
4315 

4130 
4227 
4325 

4140 
4236 
4335 

4150 
4246 
4345 

4159 
4256 
4355 

123 
123 
123 

456 
456 
456 

789 
789 
789 

•64 
•65 
•66 

4365 
4467 
4571 

4375 
4477 
4581 

4385 
4487 
4592 

4395 
4498 
4603 

4406 
4503 
4613 

4416 
4519 
4624 

4426 
4529 
4634 

4436 
4539 
4645 

4446 
4550 
4656 

4457 
4560 
4667 

123 
123 
123 

456 
456 
456 

7     8     9 
789 
7     9    10 

•67 
•68 
•69 

4677 
4786 
4898 

4688 
4797 
4909 

4699 
4808 
4920 

4710 
4819 
4932 

4721 
4831 
4943 

4732 
4842 
4955 

4742 
4853 
4966 

4753 
4864 
4977 

4764 
4875 
4989 

4775 
48S7 
5000 

123 
123 
123 

457 
467 
567 

8     9   10 
8     9   10 
8     9   10 

•70 

5012 

5023 

5035 

5047 

5058 

5070 

5082 

5093 

5105 

5117 

124 

567 

8     9    11 

•71 
•72 

•73 

5129 
5248 
5370 

5140 
5260 
5383 

5152 
5272 
5395 

5164 
5284 
5408 

5176 
5297 
6420 

5188 
5309 
6433 

5200 
5321 
5445 

5212 
5333 
5458 

5224 
5346 
5470 

5236 
5358 
5483 

124 
124 
134 

567 

567 
568 

8    10    11 
9    10    11 
9    10    11 

•74 
•75 
•76 

5495 
5623 
5754 

5508 
5636 
5768 

5521 
5649 
5781 

5534 
5662 
5794 

6546 
5675 

5808 

55f9 
5689 
5821 

5572 
5702 
5834 

5585 
6715 
5848 

5598 
5728 
5861 

5610 
5741 
5875 

134 
134 
134 

568 
578 
578 

9    10    12 
9    10    12 
9    11    12 

•77 
•78 
•79 

5888 
6026 
6166 

5902 
6039 
6180 

5916 
6053 
6194 

5929 
6067 
6209 

5943 

6081 
6223 

5957 
6095 
6237 

6970 
6109 
6252 

5984 
6124 
6266 

5998 
6138 
6281 

6012 
6152 
6295 

134 

134 
134 

578 
678 
679 

10    11    12 
10    11    13 
10    11    13 

•80 

6310 

6324 

6339 

6353 

6368 

6383 

6397 

6412 

6427 

6442 

134 

679 

10    12    13 

11    12    14 
11    12    14 
11    13    14 

•81 
•82 
•83 

6457 
6607 
6761 

6471 
6622 
6776 

6486 
6637 
6792 

6501 
6653 
6808 

6516 
6C68 
6823 

6531 
6683 
6839 

6546 
6699 
6855 

6561 
6714 
6871 

6577 
6730 
6887 

6592 
6745 
6902 

235 
235 
235 

689 
689 

689 

•84 
•85 
•86 

6918 
7079 
7244 

6934 
7096 
7261 

6950 
7112 
7278 

6966 
7129 
7295 

6982 
7145 
7311 

6998 
7161 
7328 

7015 
7178 
7345 

7031 
7194 

7362 

7047 
7211 
7379 

7063 
7228 
7396 

235 
235 
235 

6  8  10 
7  8  10 
7  8  10 

11    13    15 
12    13    15 
12    13    15 

•87 
•88 
•89 

7413 
7586 
7762 

7430 
7603 
7780 

7447 
7621 
7798 

7464 
7638 
7816 

7482 
7656 
7834 

7499 
7674 
7852 

7516 
7691 
7870 

7534 
7709 
7889 

7551 
7727 
7907 

7568 
7745 
7925 

235 

245 
245 

7  9  10 
7  9  11 
7  9  11 

12    14    16 
12    14    16 
13    14    16 

•90 

7943 

7962 

7980 

7998 

8017 

8035 

8054 

8072 

8091 

8110 

246 

7  9  11 

13    15    IT 

•91 
•92 
•93 

8128 
8318 
8511 

8147 
8337 
8531 

8166 
8356 
8551 

8185 
8375 
8570 

8204 
8395 
8590 

8222 
8414 
8610 

8241 
8433 
8630 

8260 
8453 
8650 

8279 

S47l! 
8670 

8299 
8492 
8690 

246 
246 
246 

8  9  11 

8  10  12 
8  10  12 

13    16    IT 

14    15    17 
14    16    18 

•94 
•95 
•96 

8710 
8913 
9120 

8730 
8933 
9141 

8750 
8954 
9162 

8770 
8974 
9183 

8790 
8995 
9204 

8810 
9016 
9226 

8831 
9036 
9247 

8851 
9057 
9268 

8872 
9078 
9290 

8892 
9099 
9311 

246 
246 
246 

8  10  12 
8  10  12 
8  11  13 

14    16    18 
15    IT    19 
15    IT    19 

•97 
•98 
•99 

9333 
9550 
9772 

9354 
9572 
9795 

9376 
9594 
9S17 

9397 
9616 
9840 

9419 
9638 
9863 

9441 
9661 
9836 

9462 
96»3 
9908 

9484 
9705 
9931 

9506 
9727 
9954 

9528 
9750 
9977 

247 
247 
257 

9  11  13 
9  11  13 
9  11  14 

15    17    20 
16    18    20 
16    18    20 

47  2 


Mathematical  Tables 


Degrees. 

Radians. 

Chord. 

Sine. 

Tangent. 

Cotangent. 

Cosine. 

0° 

0 

0 

0 

0 

00 

1 

1-4U 

1-5708 

90° 

1 
2 
3 

4 

•0175 
•0349 
•0524 
•0698 

•017 
•035 
•052 
•070 

•0175 
•0349 
•0523 
•0698 

•0175 
•0349 
•0524 
•0699 

57-2900 
28-6363 
19-0811 
14-3007 

•9998 
•9994 
•9986 
•9976 

1-402 
1-389 
1-377 
1-364 

1-5533 
1-6359 
1-6184 
1-5010 

89 
88 
87 

86 

6 

•0873 

•087 

•0872 

•0875 

11-4301 

•9962 

1-351 

1-4835 

85 

6 

1 
8 
9 

•1047 
•1222 
•1396 
•1571 

•105 
•122 
•140 
•167 

•1045 
•1219 
•1392 
•1564 

•1051 
•1228 
•1405 
•1584 

9-5144 
8-1443 
7-1154 
6-3138 

•9945 
•9925 
•9903 
•9877 

1-338 
1-325 
1-312 
1-299 

1-4661 
1-4486 
1-4318 
1-4137 

84 
83 

82 
81 

10 

•1745 

•174 

•1736 

•1763 

6-6713 

•9848 

1-286 

1-3963 

80 

11 
12 
13 
14 

•1920 
•2094 
•2269 
•2448 

•192 
•209 
•226 
•244 

•1908 
•2079 
•2250 
•2419 

•1944 
•2126 
•2309 
•2493 

5-1446 
4-7046 
4-3315 
4-0108 

•9816 
•9781 
•9744 
•9703 

1-272 
1-259 
1-245 
1-231 

1-3788 
1-3614 
1-3439 

1-3265 

79 

78 
77 
76 

15 

•2618 

•261 

•2588 

•2679 

3-7321 

•9659 

1-218 

1-3090 

75 

16 
11 
18 
19 

•2793 
•2967 
•3142 
•3316 

•278 
•296 
•313 
•330 

•2756 
•2924 
•3090 
•3256 

•2867 
•3057 
•3249 
•3443 

3-4874 
3-2709 
3-0777 
2-9042 

•9613 
•9563 
•9511 
•9455 

1-204 
1-190 
1-176 
1-161 

1-2915 
1-2741 
1-2566 
1-2392 

74 
73 
72 
71 

20 

•3491 

•347 

•3420 

•3640 

2'7475 

•9397 

1-147 

1-2217 

70 

21 
22 
23 
24 

•3665 
•3840 
•4014 
•4189 

•364 
•382 
•399 
•416 

•3584 
•3746 
•3907 
•4067 

•3839 
•4040 
•4245 
•4452 

2-6051 
2-4751 
2-3559 
2-2460 

•9336 
•9272 
•9205 
•9135 

1-133 
1-118 
1-104 
1-089 

1-2043 
1-1868 
1-1694 
1-1519 

69 
68 
67 
66 

25 

•4363 

•433 

•4226 

•4663 

2-1445 

•9063 

1-075 

1-1345 

65 

26 
27 
28 

M 

•4538 
•4712 
•4887 
•5061 

•450 
•467 
•484 
•501 

•4384 
•4540 
•4695 
•4848 

•4877 
•5095 
•5317 
•5543 

2-0503 
1-9626 
1-8807 
1-8040 

•8988 
•8910 
•8829 
•8746 

1-060 
1-045 
1-030 
1-015 

1-1170 
1-0996 
1-0821 
1-0647 

64 
63 
62 
61 

30 

•5236 

•518 

•5000 

•6774 

1'7321 

•8660 

1-000 

1-0472 

60 

31 

32 
33 
34 

•5411 
•5585 
•5760 
•5934 

•534 

•551 
•568 
•685 

•5150 
•5299 
•5446 
•5592 

•6009 
•6249 
•6494 
•6745 

1-6643 
1-6003 
1-5399 
1-4826 

•8572 
•8480 
•8387 
•8290 

•985 
•970 
•954 
•939 

1-0297 
1-0123 
•9948 
•9774 

59 
68 

57 
56 

35 

•6109 

•601 

•5736 

•7002 

1-4281 

•8192 

•923 

•9599 

65 

36 
37 
38 

39 

•6283 
•6458 
•6632 
•6807 

•618 
•635 
•651 
•668 

•5878 
•6018 
•6157 
•6293 

•7265 
•7536 
•7813 
•8098 

1-3764 
1-3270 
1-2799 
1-2349 

•8090 
•7986 
•7880 
•7771 

•908 
•892 
•877 
•861 

•9425 
•9250 
•9076 
•8901 

64 
63 
62 
51 

40 

•6981 

•684 

•6428 

•8391 

1-1918 

•7660 

•845 

•8727 

50 

41 
42 
43 
44 

•7156 
•7330 
•7505 
•7679 

•700 
•717 
•733 
•749 

•6561 
•6691 
•6820 
•6947 

•8693 
•9004 
•9325 
•9657 

1-1504 
1-1106 
1-0724 
1-0355 

•7547 
•7431 
•7314 
•7193 

•829 
•813 
•797 
•781 

•8552 
•8378 
•8203 
•8029 

49 
48 
47 
46 

45 

•7854 

•765 

•7071 

1-0000 

1-0000 

•7071 

•765 

•7854 

45 

Cosine. 

Cotangent. 

Tangent. 

Sine. 

Chord. 

Radians. 

Degrees. 
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